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Adult-type granulosa cell tumor (AGCT) is a unique subtype of ovarian cancer, accounting 
for 5% of all ovarian malignancies. Due to the hormonal activity and slow growth of the 
tumor, AGCTs are usually diagnosed at an early stage, and the overall prognosis is 
favorable; the 5-year overall survival rate is 98%. However, these tumors have a tendency 
for late relapse, sometimes occurring decades after primary diagnosis. Eventually AGCT 
recurs in every third patient, and half of them succumb to the disease.  
 
Surgery is the mainstay of treatment, and accurate preoperative diagnosis is crucial for 
the referral of patients to appropriate surgical units. In most patients no adjuvant therapy is 
needed after primary operation. Platinum-based chemotherapy is used in advanced and 
inoperable AGCTs, but its efficacy is very modest, and no targeted therapies exist for 
AGCT. The objectives of this study were to improve the preoperative diagnostics of AGCTs 
and to uncover targeted treatments for AGCT. 
 
HE4 and CA125 are commonly used in the preoperative evaluation of unknown ovarian 
masses, but their roles in AGCTs are unknown. Based on our results, HE4 levels are not 
elevated in AGCTs. We detected increased CA125 levels in a subset of AGCTs; however, 
the marker had no prognostic significance. These results underline the possibility of 
malignant ovarian tumor even in situations where CA125 and HE4 are both normal. Based 
on our and previous findings, inhibin B and AMH are the most specific markers in 
distinguishing AGCT from other malignant or benign ovarian tumors. 
 
AGCTs belong to the sex-cord stromal tumors and are thought to be derived from 
granulosa cells in preantral follicles. Most AGCTs (97%) harbor a point mutation in the 
gene coding for transcription factor FOXL2. The equilibrium between proliferation and 
apoptosis is crucial in the physiology of normal granulosa cells and it has been proposed to 
be disturbed in AGCTs. TNF-related apoptosis inducing ligand (TRAIL) was earlier found 
to induce apoptosis in AGCT in vitro. We evaluated the role of TRAIL in clinical AGCT 
samples and detected a significant correlation of TRAIL to its receptors (DR4 and DR5) in 
AGCT tissue samples, indicating active TRAIL signaling in AGCTs. Furthermore, 
circulating TRAIL was decreased in patients with large AGCTs, implying a tumor 
suppressive role for TRAIL in AGCTs. This was noted also at the tissue level as decreased 
TRAIL expression was seen in large AGCTs. Our results suggest a potential role for TRAIL 
in AGCT treatment. 
 
AGCTs produce estrogens, inhibin and anti-Müllerian hormone, and express various 
hormone receptors, including receptors for estrogens, androgens and gonadotropins. 
However, the roles of these hormones in tumor proliferation have remained unclear. We 
used our vast collection of tissue and serum samples of AGCT patients to characterize the 
hormonal milieu of AGCTs and studied the functional effects of follicle-stimulating 
hormone (FSH) and estradiol (E2) in tumor proliferation by using cell culture assays. FSH 






whereas the expression of aromatase, a crucial enzyme in estrogen synthesis, varied 
significantly among the studied tumors. In functional assays, FSH increased the viable cell 
number in subset of AGCTs, whereas E2 increased the cell number only at high 
concentrations. The aromatase inhibitor letrozole was able to block E2 synthesis in AGCTs 
but had no effect on cell viability. 
 
To systematically screen for new targeted therapies for AGCTs, we performed drug 
sensitivity and resistance testing and transcriptomic profiling. Seven AGCT primary cell 
cultures were exposed to a collection of 230 oncologic regimens, including both traditional 
chemotherapeutics, approved targeted drugs and investigational compounds. Among these 
regimens, a multi tyrosine kinase inhibitor dasatinib emerged as the most effective targeted 
treatment. Furthermore, dasatinib in combination with the traditional chemotherapeutic 
paclitaxel showed a synergistic effect in reducing the viability of AGCT cells. RNA 
sequencing of the screened tumors revealed no mutations in target genes of dasatinib, but 
these genes were highly expressed. Our results suggest clinical testing of dasatinib together 
with paclitaxel may be warranted in patients with advanced AGCT. 
 
In conclusion, we verified that inhibin B and AMH are the most specific serum markers 
in AGCT preoperative diagnostics. Even though aromatase inhibitors showed no efficacy 
in inhibition of AGCT cell growth, further clinical studies are needed to verify the role of 
hormonal treatments in AGCTs. Our approach emphasizes the power of hypothesis-based 
and systematic translational research in finding novel therapeutic targets for ovarian cancer. 
Importantly, our results suggest a role for TRAIL and dasatinib in AGCT treatment and 











Aikuistyypin granuloosasolukasvain (AGSK) on munasarjasyövän alatyyppi, joka käsittää 
5% pahanlaatuisista munasarjakasvaimista. Koska kasvain on hormonaalisesti aktiivinen ja 
hidaskasvuinen, AGSK:t havaitaan yleensä aikaisessa vaiheessa. Taudilla onkin aluksi 
suotuisa ennuste: 5 vuoden kuluttua elossa on 98% potilaista. Kasvaimella on kuitenkin 
taipumus myöhäiseen uusiutumiseen, joka voi tapahtua jopa vuosikymmenten kuluttua 
taudin ensidiagnoosista. Noin kolmasosalla potilaista AGSK uusiutuu, ja näistä noin puolet 
menehtyy tautiin.  
 
Leikkaus on hoidon kulmakivi. AGSK:t olisi tärkeää erottaa hyvänlaatuisista 
munasarjakasvaimista jo ennen toimenpidettä, jotta leikkaukset voitaisiin keskittää niihin 
erikoistuneisiin yksiköihin. Valtaosa AGSK-potilaista ei taudin alkuvaiheessa tarvitse 
leikkauksen lisäksi muuta hoitoa, ja myös paikalliset uusiutumat pyritään hoitamaan 
operatiivisesti. Levinnyttä tautia hoidetaan lääkkein, joskin käytössä olevien 
solunsalpaajien teho AGSK:een on hyvin rajoittunut. Toistaiseksi tähän kasvaimeen ei ole 
olemassa kohdennettuja hoitoja. 
 
Tutkimme kahden munasarjasyöpämerkkiaineen, CA125 ja HE4:n pitoisuuksia AGSK-
potilaiden verinäytteissä, ja arvioimme, voiko näitä merkkiaineita käyttää AGSK:n 
erotusdiagnostiikassa. AGSK-potilailla ei havaittu koholla olevia HE4-tasoja. CA125 oli 
koholla osalla AGSK-potilaista, mutta tällä ei ollut ennusteellista merkitystä. Normaalit 
CA125 ja HE4 -tasot eivät poissulje pahanlaatuisen munasarjakasvaimen mahdollisuutta. 
Tutkimuksemme vahvisti aiemmat havainnot siitä, että inhibiini B ja AMH ovat tarkkoja 
merkkiaineita erottamaan AGSK:t sekä pahanlaatuisista että hyvänlaatuisista 
munasarjamuutoksista. 
 
AGSK on lähtöisin sukupienasta, ja sen ajatellaan saavan alkunsa munasarjassa 
kehittyvän follikkelin granuloosasoluista. Valtaosalla (97%) AGSK-potilaiden kasvaimista 
löytyy somaattinen mutaatio geenissä, joka koodaa FOXL2-transkriptiotekijää. Vielä ei 
kuitenkaan tiedetä mutaation tarkkaa vaikutusmekanismia taudin kehittymisessä. 
Normaalien granuloosasolujen elinkaarta säätelevät nopeaa kasvua edistävät tekijät, sekä 
ohjelmoidun solukuoleman mekanismit. Näiden tasapainon on ajateltu olevan AGSK:ssa 
häiriintynyt. TNF-related apoptosis inducing ligand (TRAIL) on proteiini, jonka on 
aiemmin todettu aiheuttavan AGSK-soluissa (in vitro) ohjelmoitua solukuolemaa. 
Tutkimme TRAIL-proteiinin roolia AGSK-potilailla, ja osoitimme AGSK-kudoksen 
TRAIL-ligandin ilmentymisen korreloivan positiivisesti TRAIL-reseptoreiden 
ilmentymiseen, mikä viittaa aktiiviseen TRAIL-signalointiin AGSK:ssa. AGSK-potilailla, 
joilla oli keskimääräistä kookkaammat kasvaimet, TRAIL-proteiinin määrä sekä 
verenkierrossa että kasvaimessa oli vähentynyt. Tulokset viittaavat TRAIL:n säätelevän 
AGSK:n kasvua ja puoltavat jatkotutkimuksia TRAIL:ista AGSK-potilaiden hoidossa.  
 
AGSK:t tuottavat hormoneja kuten estrogeenia, inhibiinejä ja anti-Müllerian hormonia 






androgeeni- ja gonadotropiinireseptoreita. Hormonien rooli AGSK:n kehittymisessä ja 
kasvussa on kuitenkin epäselvä. Tutkimme hormonireseptoreiden ilmentymistä laajassa 
AGSK-aineistossamme, sekä solumallien avulla FSH:n ja estradiolin vaikutusta solujen 
kasvuun. FSH-reseptori ja estrogeenireseptori b ilmentyivät valtaosassa AGSK:ssa. Sen 
sijaan vain noin puolet kasvaimista ilmensi aromataasia, joka on välttämätön entsyymi 
kudoksen estradiolituoton kannalta. FSH lisäsi AGSK-solujen määrää osassa kasvaimista, 
kun taas estradioli vaikutti solujen määrää lisäävästi vain hyvin suurilla annoksilla. 
Aromataasinestäjä letrotsoli esti kasvaimen estradiolituoton, mutta solujen 
elinvoimaisuuteen sillä ei ollut vaikutusta.  
 
Tutkimuksessa tehtiin myös laaja-alaista lääketestausta AGSK-soluille, tavoitteena 
löytää uusia täsmällisesti kasvaimeen kohdennettuja hoitoja. Seitsemästä AGSK:sta tehtiin 
soluviljelmä, ja solujen herkkyys testattiin 230 eri lääkeaineelle. Lääkepaneeliin kuului sekä 
perinteisiä solunsalpaajia, muiden tautien hoitoon jo hyväksyttyjä lääkkeitä sekä kokeellisia 
yhdisteitä. Tyrosiinikinaasiestäjä dasatinibi osoittautui tehokkaaksi kaikissa testatuissa 
kasvaimissa. Kun dasatinibi yhdistettiin paklitakseliin, AGSK:n hoidossa käytettävään 
solunsalpaajaan, havaittiin näillä lääkkeillä synergiavaikutus. Kasvainnäytteet RNA-
sekvensoitiin, ja useiden dasatinibin kohdegeenien havaittiin ilmentyvän AGSK:ssa. 
Lääkevastetta selittäviä mutaatioita kohdegeeneistä ei löytynyt. Tulosten perusteella 
dasatinibin ja paklitakselin yhdistelmää kannattaa testata AGSK-potilaiden hoidossa.  
 
Tässä tutkimuksessa vahvistettiin inhibiini B:n ja AMH:n rooli AGSK:n 
erotusdiagnostiikassa ennen leikkausta. Kohdennettujen hoitojen suhteen aromataasi-
inhibiittoreilla ei havaittu olevan solujen kasvua hillitsevää vaikutusta. Osa potilaista saattaa 
kuitenkin hyötyä hormonaalisista hoidoista. Sekä TRAIL-proteiini että tyrosiinikinaasi-
inhibiittori dasatinibi ovat yhdisteitä, joita on aiheellista jatkossa testata kliinisin 
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Review of the literature 
1 Clinical characteristics of adult type granulosa cell tumors 
Ovarian cancer consists of tumors that are histologically and genetically distinct. Three main 
subtypes exist: epithelial carcinomas (90% of all ovarian malignancies), sex-cord stromal 
tumors (SCST) (5-8%) and germ-cell tumors (2-3%) (Figure 1) (1, 2). A large proportion 
of epithelial carcinomas are thought to derive from cells that are not present in the normal 
ovary, including the high grade serous carcinomas originating from the fallopian tubes and 
clear cell and endometrioid carcinomas arising from endometriotic lesions. Thus, SCSTs 
and germ-cell tumors can be regarded as “real intra-ovarian cancers”, as they originate from 
cells that are located in the normal ovary. SCSTs are derived from either the sex-cord or 
ovarian stroma, and germ cell tumors originate from the primordial germ cells of the 
embryonic gonad (reviewed in (3)). Among the SCSTs, granulosa cell tumor (GCT) is the 





1.1 Clinical presentation 
GCT accounts for 3-5% of ovarian malignancies, with an annual incidence of 0.6-
0.8/100,000 (5). In Finland, an average of 22 new cases are diagnosed each year. GCTs are 
further classified into juvenile and adult subtypes. The juvenile form comprises only 5% of 






Figure 1. Ovarian cancer subtypes have disparate origins. Some epithelial carcinomas originate from 
the fallopian tube, whereas others are derived from endometriotic lesions. Germ cell tumors arise 
from the primordial germ cells, and sex cord stromal tumors originate from the ovarian sex-cord or 
stroma. Adapted from Servier Medical Art (www.servier.com). 
  
 






favorable prognosis (6). Adult-type GCTs are usually diagnosed at perimenopause or early 
postmenopause, although they can occur throughout adulthood (7). This study focuses on 
adult-type granulosa cell tumors, hereafter referred to as AGCT.  
 
Typically AGCTs are diagnosed at an early stage. This is due to the slow growth and 
low metastatic potential of these tumors. Furthermore, AGCTs´ hormonal activity leads to 
detectable symptoms early in the course of the disease.  At primary diagnosis, 50-80% of 
the patients have stage Ia disease in which the tumor is inside the ovarian capsule. 
Approximately 30% of cases are diagnosed at stage Ic, in which tumor cells infiltrate 
through ovarian capsule or the capsule is ruptured either spontaneously or iatrogenically 
during the operation (1, 8-10). Advanced stage (stage III-IV) disease at diagnosis is 
uncommon. The size of the tumor varies; in a largest published cohort from our group the 
median size was 10.0 cm, ranging from 0.5 cm to 30 cm. Ascites is present in only 23% of 
the patients (8).  
 
The most typical symptom of AGCT is abnormal uterine bleeding: nearly half of the 
patients report menstrual disturbances or postmenopausal bleeding at primary diagnosis (8). 
These symptoms are due to estrogenic activity of AGCT. Patients with large tumors may 
suffer from abdominal pain and distension. Due to the high vascularization of the tumor, a 
subset of patients present with acute abdominal pain due to hemoperitoneum caused by 
tumor rupture (11). Still, more than 10% of the patients remain asymptomatic and tumor is 
found incidentally in a routine gynecological check-up or radiological imaging (8). 
1.2 Differential diagnostics 
Radiological imaging 
In ultrasound, AGCT typically presents as cystic-solid ovarian mass with high vasculature 
(12) (Figure 2). Common pattern is either a large solid mass with heterogeneous 
echogenicity and internal cysts or large multilocular-solid mass without papillary 
projections (13, 14). These same features are seen in computerized tomography (CT). CT 
and especially magnetic resonance imaging (MRI) can reveal intracystic hemorrhagic 
components and enhancement of solid portions or cystic wall (14-16). Patients typically 
have an abnormally thick endometrium, and pathological examination may reveal 
endometrial hyperplasia or even carcinoma (26-38% and 6-7% of the patients, respectively) 
(8, 17). It is noteworthy that fluorodeoxyglucose positron emission tomography (FDG-PET) 
is not informative in AGCT patients due to poor FDG uptake (18). In conclusion, 
radiological differentiation of AGCT from other malignant or benign ovarian masses is not 
definitive and thus complementary diagnostic tools such as serum markers are needed.  
 










In preoperative diagnostics of pelvic tumors, serum tumor markers play a significant role. 
CA125 has been used as a marker for epithelial ovarian cancer (EOC) for decades. However, 
there are limitations with CA125 including elevated serum values in benign gynecological 
conditions, such as in endometriosis and pelvic inflammatory diseases as well as in non-
gynecological malignancies (19-21). On the other hand, only half of the early stage EOC 
patients have aberrant CA125 values (22). Recently, human epididymis secretory protein 4 
(HE4) has been accepted for clinical use and particularly in combination with CA125, it 
presents a sensitive and specific method for preoperative evaluation (23). Unlike CA125, 
HE4 levels are not affected by peritoneal irritation or endometriosis. Nevertheless, also HE4 
has some limitations, as for example smoking, renal insufficiency, and aging may rise the 
levels in serum (24, 25). Moreover, HE4 is not superior to CA125 in detecting early stage 
disease (26). 
 
Based on earlier reports, elevated serum CA125 levels have been detected also in some 
AGCTs (27, 28). So far there are no studies reporting serum HE4 levels in AGCT patients. 
On the other hand, a number of studies have shown the utility of inhibin B and anti-
Mullerian hormone (AMH) in AGCT surveillance (29, 30). Similar to normal granulosa 
cells in developing follicles, AGCT cells produce these glycoprotein hormones and release 
them into the circulation (31, 32). One limitation of inhibin B is its known fluctuation during 
the menstrual cycle. Furthermore, inhibin B levels tend to be elevated in mucinous tumors 
(33). AMH levels are generally more stable, although the methods for measuring AMH have 
Figure 2. Ultrasound image of AGCT.  






shown inconsistency and thus validation of new methods is required (34). Estradiol has also 
been suggested as a tumor marker. It can be measured preoperatively as an indication of 
excess sex steroid production by the tumor (35). According to a previous small patient series 
the role of estradiol as a tumor marker was uncertain (32, 36). 
Histopathological diagnosis 
Histologically, AGCTs present with a diversity of patterns, including both well and poorly 
differentiated appearances, often varying within a single tumor. Well-differentiated types 
include microfollicular (most common), macrofollicular, trabecular, insular and tubular 
patterns, whereas the poorly differentiated type is characterized as diffuse (sarcomatoid) 
pattern (37). Characteristically AGCTs contain round to oval, pale cells with longitudinally 
grooved “coffee-bean” nuclei and scanty cytoplasm. Call-Exner bodies are typical for the 
microfollicular type, consisting of small rings of well-differentiated granulosa cells. Mitotic 
figures are only rarely seen and nuclear atypia is usually mild (37). The histological 
evaluation of AGCT that is based only on hematoxylin-eosin-staining is challenging and 
false-positive diagnosis rates up to 36% have been reported (8, 38). Immunohistochemistry 
for inhibin-a and cytokeratin is clinically recommended and a reticulum stain may 
differentiate AGCT from theca-derived tumors (39-41). Also calretinin and FOXL2 
immunostaining is utilized (42, 43). However, some of the AGCTs remain negative for 
typical immunohistochemical markers. 
FOXL2 mutation in diagnostics  
In 2009, a single somatic missense mutation in the gene encoding for transcription factor 
FOXL2 was identified in AGCTs (44). This point mutation 402C>G(C134W) was 
subsequently  verified in multiple independent cohorts, and according to most studies, it is 
present in 94-97% of AGCTs (45, 46). FOXL2 mutation analysis has proven to be invaluable 
in the diagnosis of AGCT in cases where the histological diagnosis remains uncertain. This 
was shown recently in a cohort of 336 AGCTs where FOXL2 mutation negative cases 
(n=80) were histologically re-evaluated with additional immunohistochemistry (47). The 
majority of these tumors proved to be originally misdiagnosed. The revised diagnoses 
included other sex-cord stromal tumors (49.2%), epithelial malignancies (44.4%) and 
miscellaneous tumors (6.3%) Even though a minor subset of AGCTs with wild type FOXL2 
exists, FOXL2 mutation analysis can be regarded as a useful tool in the differential diagnosis 
of AGCTs with challenging histological appearances.  






1.3 Treatment  
Surgery 
The standard treatment for primary AGCT is surgery, consisting of removal of the tumor, 
uterus, ovaries and fallopian tubes. Surgery also includes staging procedures including 
peritoneal washings, biopsies from the peritoneal cavity and infracolic omentectomy (48). 
Suspicious lymph nodes should be removed, whereas routine pelvic and para-aortal 
lymphadenectomy is not recommended as AGCTs spread pattern is mainly intraperitoneal 
or hematogenous (48-51). Surgical staging has been reported to be an independent 
prognostic factor (52). A laparoscopic approach has proven to be a safe option for 
laparotomy, associated with less morbidity (53, 54). In rare cases with advanced disease, a 
debulking procedure is recommended. Fertility-sparing surgery may be performed in 
younger patients with local (stage I) disease, preserving the uterus and normal contralateral 
ovary. Several older studies report elevated recurrence rates in patients undergone fertility-
sparing surgery (55, 56). However, a recent study reported equal disease free and overall 
survival between conservatively and radically operated patients (57).  
 
Surgery is usually the treatment of choice also in relapsed AGCTs. The most common 
site for recurrence is the pelvis. Other typical sites for relapses include the abdominal cavity, 
retroperitoneum, liver and inquinal or para-aortal lymph nodes. Multifocal disease has been 
observed in close to half of all relapses (58, 59). Altogether, the majority (70-80%) of 
recurrences can be treated by debulking surgery (58, 60).  
Chemotherapy 
Due to the infrequency of AGCT, prospective randomized studies on adjuvant 
chemotherapy are lacking and treatment recommendations are based on retrospective series 
with limited number of patients. Generally, adjuvant therapy is recommended after primary 
surgery in advanced stages (II-IV). In addition, international guidelines suggest 
consideration of adjuvant chemotherapy for high risk stage I patients, such as stage Ic 
patients with ruptured tumors or poor differentiation (48, 61). On the other hand, according 
to multiple reports, adjuvant chemotherapy has no impact on disease-free survival in stage 
Ic AGCT and one of the studies questioned its efficacy even in advanced disease (52, 57, 
62). In recurrences chemotherapy may be used with or without surgery.  
 
In AGCT chemotherapy, platinum-based combinations have been the primary option. 
For the most commonly  used combination of bleomycin, etoposide and cisplatin (BEP), 
variable response rates from 40-100 % have been reported (63-65). In older studies, patient 
cohorts have been very small and the definition of response has varied as adequate 
radiological imaging has only rarely been used. Recently, a study using RECIST (Response 
Evaluation Criteria in Solid Tumors) criteria, reported either complete or partial response in 






only 22% of the patients (66). The proportion of patients with stable disease was high in this 
study reaching 78%, but progression was seen after two to five months in some patients. 
Considering the slow growth tendency of AGCT, these reported responses are very modest. 
It is also noteworthy that BEP combination has serious adverse effects. Bleomycin causes 
pulmonary side effects, and bleomycin and etoposide can cause myelotoxicity, associated 
also with the development of secondary malignancies (67, 68). Taxanes have also been used 
in AGCT chemotherapy, with putatively less toxic side effects. A retrospective series 
presented response rates comparable to BEP (69, 70), but in a prospective trial consisting 
of paclitaxel as a single therapy only modest efficacy was reported (71). Currently there is 
a randomized phase II trial investigating combination of paclitaxel and carboplatin in 
treatment of advanced or recurrent SCSTs (www.clinicaltrials.gov). 
Hormonal therapy and targeted treatments 
As AGCTs are known to express hormone receptors, hormonal treatments have been 
empirically used in AGCTs, especially in cases where the response to chemotherapeutics 
has been lost. Several agents including progestins, gonadotrophin releasing hormone 
agonists, selective estrogen receptor modulators and aromatase inhibitors have been utilized 
with varying responses. The current literature concerning these treatments consists mainly 
of case reports. A systematic review published in 2014 summarized responses from 19 
reports, and a complete or partial response was reported in 22/31 patients (72). Most 
convincing results were seen with aromatase inhibitors, whereas the selective estrogen 
receptor modulator tamoxifen showed no effect. However, the selection bias in case report 
studies is apparent as negative results are rarely reported. In a recent retrospective cohort 
evaluated by RECIST criteria, response was achieved in only 4/22 (18%) of patients (73). 
Among patients treated with aromatase inhibitors (anastrozole or letrozole), 7/10 patients 
had stable disease while disease progression was seen in the remaining three patients.  
 
Bevacizumab, a humanized monoclonal antibody for vascular endothelial growth factor, 
has become a widely used targeted therapeutic in epithelial ovarian cancer (74). It has also 
reported to have activity in sex-cord stromal tumors. Of 36 patients enrolled in a phase 2 
trial, six patients (17%) had partial response, while 78% had stable disease. (75). Recently, 
in a randomized clinical study bevacizumab was used together with weekly paclitaxel in 
relapsed sex-cord stromal tumors, of which majority (87%) consisted of AGCTs (76). Even 
though the objective response rate was superior in the treatment group at six months (44.4% 
and 25.0% in treatment and control group, respectively), addition of bevacizumab to 
paclitaxel did not result in increased progression free survival. Altogether these responses 
are only modest and do not support the use of bevacizumab in routine AGCT therapy. 






1.4 Follow-up and recurrence  
Follow-up of AGCT patients consists of regular gynecologic examination, transvaginal 
ultrasound and serum tumor markers, specifically inhibin B and AMH. Markers are crucial 
especially in detecting relapses outside pelvis. Increased inhibin B levels have been reported 
5-20 months prior to clinical onset of the disease, suggesting it may serve as an early 
detection marker (30). A corresponding time scale of 11 months has been reported for AMH 
(77). There is strong evidence for both inhibin B and AMH in AGCT follow-up, and these 
markers are considered equally sensitive (93 and 92% for inhibin B and AMH, respectively) 
and specific (83% and 82%) (29). The combination of inhibin B and AMH has proven to be 
even more accurate in detecting macroscopic disease. In our recent study, circulating tumor 
DNA was detected in patients with macroscopic tumor, and this method may thus offer an 
option for AGCT surveillance in the future (78). In the case of suspected recurrence based 
on serum markers or clinical findings, CT scan is recommended. Guidelines from the 
European Society for Medical Oncology recommend follow-up at three-month intervals 
during first two years, followed by six-month intervals until five years (48). The National 
Comprehensive Cancer Network guidelines recommend lengthening follow-up beyond five 
years (61). 
 
AGCT is characterized by slow and indolent growth. However, a unique feature of this 
tumor is its tendency for late relapse, reported even 41 years after primary diagnosis (79). 
Recurrence rates in the latest reports have varied between 20-30% (58, 80, 81). In our 
FOXL2-mutation validated patient cohort with a mean follow-up-time of 16.8 years, the 
recurrence rate was 32.1% (58). In this patient cohort, the median time from primary 
diagnosis to the first recurrence was 7.4 years (range 1.1-26.6), supporting the extension of 
follow-up beyond five years. Due to an active surgical approach, a significant portion of 
patients attain complete response also after treatment of recurrence; however, successive 
relapses are common and even up to six recurrences have been reported in patients. Disease-
free intervals shorten progressively: in our cohort the median time from first to second 
relapse was 2.9 years, (range 0.7-29.6) and the time from second to third relapse 1.4 years 
(range 0.7-4.4). 
1.5 Prognosis and survival 
Various clinical factors have been investigated for their prognostic value in AGCT, but so 
far tumor stage remains the only identified prognostic indicator (8, 10, 60). Among stage I 
patients, stage Ic patients (with tumor infiltrating ovarian capsule or tumor rupture 
intraoperatively) possess a significantly increased risk for recurrence (58, 81).Also multiple 
histopathological factors have been evaluated in regards to AGCT prognosis, from which 
high-level nuclear atypia and high expression level of transcription factor GATA4 have 
shown prognostic value (82).  Nevertheless, none of the markers has been validated for 
clinical use.  
 






The 5- and 10-year survivals in AGCT have significantly varied among cohorts, from 
77% to 94 % (5-year survival) and from 67% to 87% (10-year survival) (8, 47, 64). 
However, older cohorts often contain misdiagnosed tumors affecting the survival statistics. 
In our FOXL2-mutation validated cohort, disease-specific 5- and 10-year survival was 97% 
and 92% respectively, and the overall survival reached 84% at ten years. Even though these 
rates are excellent, 50-80% of the patients with relapsed disease eventually die from AGCT 
(8, 38, 47).  
  






2 Physiology of normal granulosa cells 
2.1 Folliculogenesis 
Human ovary consists of three distinct regions: an outer cortex including the germinal 
epithelium and follicles, a medulla containing the stroma and a hilum where the ovary is 
attached to the mesovarium.  During the reproductive lifespan of a woman, ovarian follicles 
are responsible for producing the sex hormones and for supporting the ova to become 
fertilized. 
 
Follicle development starts during the fetal period. At birth approximately one million 
primordial follicles reside in the ovary, each containing a primary oocyte. The number of 
primordial follicles decreases rapidly, and at the onset of puberty only 300 000-400 000 still 
exist. During female reproductive years, approximately 300-400 primordial follicles finish 
the maturation process leading to ovulation and formation of corpus luteum. This process is 
called folliculogenesis (reviewed in (83)). 
Initial recruitment 
Follicles consist of granulosa cells (GC), which surround the oocyte and provide physical 
support and the required microenvironment for its maturation. In primordial follicles GCs 
are small, flat and quiescent, and form only a single layer. During the initial recruitment 
GCs transform from squamous to cuboidal and grow in size as more cell layers are produced 
(83). The outer layer surrounding the follicle, theca, is formed at the secondary stage. This 
initial growth of primordial and primary follicles is hormone-independent and steered 
mainly by the oocyte and by granulosa cell expressed transcription factors and paracrine 
signalling. Of the granulosa cell expressed transcription factors Forkhead box L2 (FOXL2) 
is the most well-known, and it has been regarded as the female sex-determining factor (84). 
FOXL2 is considered crucial in the development of follicles from primordial to primary 
state regulating the transition of GCs from squamous to cuboidal (85). In addition to 
granulosa cells, FOXL2 is present in a developing eyelid and it was initially recognized as 
mutated in blepharophimosis-ptosis-epicanthus inversus syndrome with primary ovarian 
failure in patients (86). At primary state follicles start to express TGFb-superfamily 
members such as AMH and bone morphogenetic proteins (BMPs). Most BMPs stimulate 
follicle growth, whereas AMH is thought to inhibit the initial recruitment of primordial 
follicles (87, 88). 
Cyclic recruitment 
As the initial recruitment happens from the fetal period until menopause, cyclic recruitment 
begins at puberty eventually leading to menstrual cycles (83). In each cycle only a few 






follicles are recruited and thus rescued from atresia. In recruited follicles granulosa cells 
proliferate rapidly, and a fluid-filled space called antrum is formed. At this antral stage, 
granulosa cells can be divided in to mural and cumulus cell types reflecting their location 
in the follicle. Usually only one follicle is chosen to become dominant, leading to further 
rapid growth, ovulation and eventual fertilization. Meanwhile, all the other recruited 









Follicle growth during initial recruitment is controlled by autocrine and paracrine 
factors, but during cyclic recruitment endocrine regulation becomes important (83). From 
the pre-antral stage forwards follicular cells express receptors for pituitary secreted 
gonadotropins follicle-stimulating-hormone (FSH, in granulosa cells) and luteinizing 
hormone (LH, in theca cells). The hypothalamic-pituitary-gonadal axis is thus established  
(Figure 4). From puberty onwards, secretion of FSH and LH is regulated by pulsatile release 
of gonadotropin-releasing hormone (GnRH) by hypothalamus. Granulosa cells respond to 
FSH stimulation by progressing and secreting hormones such as estradiol and the inhibins 
(A and B). Inhibin B further regulates FSH secretion by a negative feedback-loop to 
pituitary.  
Figure 3. Folliculogenesis. Factors contributing to folliculogenesis are shown above the follicles, 
and hormones secreted by follicles are shown below.  Adapted from Servier Medical Art 
(www.servier.com).  











FSH controls proliferation and steroidogenesis in GCs (83). FSH receptor (FSHR) is a G-
protein coupled receptor located in the cell membrane. FSHR is activated by binding of the 
ligand, leading to activation of the classical adenylyl cyclase/cAMP/protein kinase A (PKA) 
signaling pathway. Signal transduction results in the phosphorylation of the transcription 
factor cAMP-response element binding protein (CREB) which regulates genes integral for 
cellular proliferation including CYP19A1, cell cycle regulator cyclin D2 and  inhibin a and 
b (89). In addition to PKA signaling, FSH exerts its effect via other cellular pathways such 
as PI3K/Akt and ERK and MAPK (90, 91). For the proper FSH response interplay with 
insulin-like growth factors (IGF-1 and IGF-2) and estradiol is needed (92, 93). 
2.3 Estrogen synthesis 
In addition to supporting the maturation of oocytes, ovarian follicles are responsible for the 
sex steroid production. These roles are intertwined, as hormonal interplay is required for the 
competent maturation process of a gamete. In premenopausal woman, estrogen is 
principally produced by ovaries, but smaller amounts are synthesized from steroid 
precursors in nongonadal organs, including the skin (adipose tissue), liver, brain and heart 
Figure 4. Hypothalamic-pituitary-gonadal axis. Adapted from Servier Medical Art 
(www.servier.com). 






(94). Three major forms of estrogens exist: estrone (E1), estradiol (E2, 17b-estradiol) and 
estriol (E3). E2 is the most potent estrogen in premenopausal women, whereas E3 is the 
weakest and formed mainly by placenta during pregnancy. E1 is produced mostly by 
apidose tissue and is the primary estrogen in postmenopausal women (95). Ovary-derived 
estrogens have endocrine actions as they are secreted into the circulation and target 
estrogen-responsive tissues, whereas estrogens from non-gonadal tissue act mainly by 
autocrine and paracrine signaling maintaining tissue-specific functions (96). 
 
The cells taking part in ovarian estrogen synthesis include theca cells (production of 
androgens from cholesterol) and mural granulosa cells (production of estradiol from 
androgens) (Figure 5) (97). Conversion of cholesterol into androstendione requires a five-
step process. First, cholesterol is transported from the cytosol of theca cell to mitochondrial 
inner membrane by the steroidogenic acute regulatory protein (StAR) (98). This is followed 
by consecutive actions of three enzymes: cholesterol side-chain cleavage (Cyp11A1), 17a-
hydroxylase (Cyp17A1) and 3-b-hydroxysteroid dehydrogenase (3bHSD). The end product 
of this chain of reactions is androstenedione, which is secreted and delivered through the 
basement membrane to adjacent mural granulosa cell (97). Mural granulosa cells are 
responsible for the conversion of androstenedione to estradiol. For this, the subsequent 
action of two enzymes is needed: aromatase (Cyp19A1) converts androstenedione to 

































Figure 5. Estrogen synthesis in theca and granulosa cells of the ovary. Gonadotropins FSH and 
LH regulate steroidogenesis via PKA signaling. Several enzymes are needed in this process. 






Regulation of steroidogenesis 
The aforementioned process of steroidogenesis is referred as the “two cell, two 
gonadotropins” theory, referring to theca and granulosa cells and their regulation by two 
pituitary gonadotropins: FSH and LH (97). Structurally FSH and LH are dimeric 
glycoproteins with a common a subunit and diverge from each other by a different b 
subunit. Theca cells express receptors for LH (LHR) and granulosa cells express receptors 
for FSH (FSHR). 
 
FSHR and LHR belong to the group of G-protein-linked receptors known for their seven 
transmembrane a-helix structure (99). The extracellular domain of the receptors is 
glycosylated and is capable of binding the hormone. The intracellular part of the receptor is 
rich for serine and threonine residues which enable the phosphorylation and further 
activation of PKA/cAMP pathway. This signaling proceeds through activation of CREB 
and results in expression of FSH/LH responsive genes. Besides CREB, other transcription 
factors, such as Steroidogenic factor 1 (SF1), SMADs, FOXL2 and GATA factors, take part 
in regulating gene expression by forming complexes in gene promoters. FOXL2 is capable 
of suppressing steroidogenic proteins StAR and CYP19A1 by transcriptional repression 
(100, 101). It also binds SF1 (102). 
 
One of the main gene targets of FSH is CYP19A1, a gene encoding aromatase, which 
catalyzes the rate limiting step in estrogen synthesis (103). Aromatase belongs to the 
cytochrome P450 superfamily, and besides the gonads, it is expressed in many other tissues 
such as in the adipose tissue and brain (104, 105). CYP19A1 gene contains a regulatory 
region with tissue-specific promoters and also alternative splicing and posttranslational 
modifications influence on its expression in various tissues. In the ovarian follicles 
CYP19A1 is localized to mural granulosa cells (106). In addition to FSH, several 
compounds modulate CYP19A1 activity: TGFb, E2, insulin growth factor-1 and androgens 
enhance the effects of FSH whereas inhibin and BMP-15 among others inhibit the 
stimulatory effect (107-109).   
2.4 Estrogen receptors 
In addition to producing estrogens, granulosa cells express estrogen receptors and are 
regulated by estradiol. Estrogens regulate multiple physiological processes such as cell 
growth and differentiation. To date, three main estrogen receptors are recognized: nuclear 
receptors ERa and ERb and a cell-membrane localized G-protein coupled estrogen 
receptor-1 (GPER1). Receptors are distributed in various organs and tissues, including 
ovaries, bone, breast, heart and brain (reviewed in (110, 111)). 
 
ERa and ERb are nuclear transcription factors that are activated by ligands and regulate 
multiple target genes. Even though they act in the nucleus, these estrogen receptors can also 
be found in the cytoplasm and mitochondria. Despite their structural similarities, they are 






encoded by different genes and show distinct functional patterns, often counteracting each 
other. They differ from each other by ligand recognition, recruitment of co-regulatory 
factors and their target genes. Also, their distribution in tissues varies. In the ovary, ERa is 
localized in the ovarian surface epithelium, thecal cells and stroma, while ERb is the 
dominant receptor in the granulosa cells (112).  
 
Whereas the transcriptional processes mediated by nuclear ERs are usually slow lasting 
hours or days, the membrane-based GPER1 mediates rapid actions by activating 
intracellular signaling cascades. In the ovary, GPER1 is expressed most intensely in the 
ovarian surface epithelium and theca cells, while granulosa cells exhibit weaker staining 
pattern (113). According to mouse model studies, loss of ERa has resulted in complete 
infertility and gonadal deficiencies, whereas loss of ERb has caused milder perturbations 
(114-116). Interestingly, in GPER1 knock-out mouse models no effects on reproduction 
were noted but changes in metabolism and other physiological processes were seen (117, 
118). These results underline the significance of traditional nuclear receptors ERa and ERb 
in ovarian physiology. 
2.5 Androgen receptors 
Androgen action is also important in ovarian function. Nuclear androgen receptors are 
expressed in granulosa cells of developing follicles, from the primordial stage onwards, 
increasing gradually and peaking in the small preantral follicles (reviewed in (119)). 
Androgens are necessary precursors for estrogen synthesis, but they also contribute to the 
growth of follicles by increasing GC proliferation. They have been shown to enhance the 
FSHR expression and decrease the expression of growth-inhibitory AMH in preantral 
follicles. The principal mode of androgen action is via regulation of gene transcription in 
the nucleus, but recent studies have shown that androgens act via other mechanisms, such 
as activating growth receptors and signaling pathways (120).  
2.6 TGFb-superfamily 
The transforming growth factor b-superfamily consists of more than 35 members, including 
the inhibin-activin system, various bone-morphogenetic proteins and AMH (reviewed in 
(121)). TGFb-superfamily ligands mediate their biological effects in a cell by 
phosphorylation of receptor serine-threonine kinases and intracellular Smad proteins, which 
transmit the signal to nucleus and regulate gene expression. In growing follicles these 
ligands contribute to bidirectional communication both between GCs and the oocyte and 
between GCs and theca cells. In addition to paracrine and autocrine actions, these ligands 
have endocrine functions. 
 
Inhibins and activins are dimeric proteins, consisting of two monomeric protein subunits 
(a, bA or bB). Different combinations of these three protein subunits result in dimeric 






proteins designated either as inhibins or activins. Inhibin A consists of a and bA -subunits, 
whereas inhibin B is formed when a and bB -subunits dimerize. During follicle maturation 
activin promotes the proliferation of granulosa cells and the production of aromatase, while 
inhibin opposes these effects by decreasing follicle growth (122). The effects of inhibin are 
mediated by antagonizing activin binding and signaling and also via endocrine action by 
decreasing pituitary FSH secretion (123-125).  
 
AMH expression is detected in follicles from the primary stage through to the small 
antral stage. It has an inhibitory role on primordial follicle recruitment, and it also attenuates 
the FSH-responsiveness of growing follicles (126). On the other hand, in some studies FSH 
has been shown to stimulate AMH expression in GCs, although there is contradictory data 
(127, 128). AMH secreted by GCs can be measured in serum and used as a marker of ovarian 
follicle reserve reflecting the reproductive capacity of a woman (129). 
2.7 Apoptosis 
In each menstrual cycle approximately 1000 follicles start growing and typically only one 
is further selected, while all the other developing follicles go into atresia (97).  Cells in 
atretic follicles undergo apoptosis, a programmed cell death. This is a highly regulated 
physiological process existing in multicellular organisms and essential for proper function 
of tissues. Apoptosis leads to formation of apoptotic bodies, which are later phagocytosed 
by neighboring cells and macrophages, without generating an inflammatory response. An 
equilibrium between proliferation and apoptosis of granulosa cells is thus fundamental in 
folliculogenesis. Ovarian apoptosis is regulated by gonadotropins and growth factors, 
including IGF-1, EGF and FGF (130, 131). Regarding sex hormones, estradiol has been 
shown to inhibit granulosa cell apoptosis, and androgens seem to antagonize this effect 
(132). 
 
Generally, apoptosis is regulated by two distinct routes: extrinsic and intrinsic pathways. 
The extrinsic pathway is activated by extracellular ligands that bind to death receptors (DR) 
situated in the cell membrane. The intrinsic pathway is activated by intracellular signaling 
from mitochondria mainly caused by severe cellular stress including hypoxia and DNA 
damage. The pathways are intertwined and both of them activate caspases, which cause 
protein degradation (reviewed in (133)).  
 
The extrinsic pathway is mostly controlled by members of the tumor necrosis 
superfamily.  The best characterized ligand-receptor complexes include FasL/FasR, 
TNFa/TNFR1, TRAIL/DR4 and TRAIL/DR and  all these complexes have shown to be 
active in the ovary (134-136). TRAIL, also called as Apo2L, is a transmembrane 
glycoprotein consisting of 281 amino acids, and its extracellular domain can actively be 
cleaved from the cell membrane to form a soluble cytokine (137). The apoptotic effects of 
TRAIL are transduced via its receptors DR4 (TRAIL-R1) and DR5 (TRAIL-R2) which can 
further activate caspases (138, 139). TRAIL can also bind to decoy receptors DcR1 (TRAIL-






R3) and DcR2 (TRAIL-R4), which lack the cytoplasmic death domain and thus cannot 
transduce apoptosis (140, 141), but modulate TRAIL pathway activity by competing the 
ligand-binding with DR4 and DR5 (142). Most normal tissues including adult ovaries, 
express TRAIL (143, 144). Additionally TRAIL receptors DR5, DcR1 and DcR2 are 
expressed in both oocytes and granulosa cells of primary and secondary follicles (145). In 
porcine granulosa cells TRAIL has been shown to induce apoptosis whereas removal of 
decoy receptor DcR1 from the cells increased the number of apoptotic cells, suggesting the 
role of TRAIL pathway in the granulosa cell apoptosis (146). 
 
The intrinsic pathway is mostly regulated by Bcl-2 family, which include both 
proapoptotic or antiapoptotic members. Also survivin, a member of the inhibitor of 
apoptosis protein family, decreases intrinsic apoptosis by inhibiting  caspases and 
controlling the cell cycle (147, 148). Survivin, encoded by the BIRC5 gene, is present during 
the fetal period but is not detectable in most differentiated tissues. However, there is 
evidence of survivin expression in hen granulosa cells, with expression levels diminishing 
over the course of follicle growth and differentiation (149). Expression levels were also 
dependent on the phase of mitosis. These data suggest a role for survivin in granulosa cells, 
both in cell cycle regulation and inhibition of apoptosis. 
  






3 Pathogenesis of AGCTs 
AGCTs share common features with granulosa cells in preantral follicles (150). The gene 
expression pattern is similar to these rapidly proliferating granulosa cells, and both cell types 
are capable of producing estrogen and inhibin. Although the biology of granulosa cells is 
well known, the molecular alterations in AGCT are not.  
 
Unlike many other ovarian malignancies, AGCTs have a relatively stable karyotype. 
The most frequent chromosomic aberrations entail gain of chromosomes 12 and 14 and loss 
of chromosome 22, reported in 30-53% of AGCTs (151, 152). No common recurrent driver 
mutations have been recognized, and even the commonly mutated tumor suppressor gene 
p53 is intact in AGCTs (153, 154).  Transcriptomic studies comparing gene expression in 
AGCTs and normal granulosa cells have reported increased expression of genes involved 
in cell proliferation whereas genes linked to cell death show decreased expression (155). 
Currently theonly undisputed recurrent genetic feature for AGCT is the mutation in 
transcription factor FOXL2. 
3.1 FOXL2-mutation 
In 2009, Shah et al performed whole transcriptome RNA sequencing of four AGCTs and 
identified a somatic missense mutation (402C>G) in a gene encoding for transcription factor 
FOXL2 (44). At protein level this mutation leads to substitution of a tryptophan residue for 
a highly conserved cysteine residue at amino acid position 134 (C134W). This specific 
mutation has been confirmed to be present in 94-97% of AGCTs (45, 47). This, coupled 
with its absence in other tumors, implies it is pathognomonic for AGCT (156).  
 
Since the discovery of the FOXL2 mutation, multiple studies have been conducted to 
clarify the role of the mutant protein in AGCT pathogenesis. FOXL2 protein structure is not 
significantly changed, but alterations in posttranslational modifications, such as 
phosphorylation and ubiquitination, have been reported (157-159). This may lead to 
changes in protein-protein interactions and thus affect transcription of target genes (160). 
When differentially expressed genes between wild type (wt)-FOXL2 and mutant FOXL2 
were studied, there were abundance of genes for fuctional annotations of tumorigenesis, cell 
proliferation and cell death (161). FOXL2 is normally a negative regulator of cell cycle 
progression and upregulates genes involved in apoptosis, whereas the mutated FOXL2 
increases progression and attenuates apoptosis. Genes regulated by mutated FOXL2 have 
also been shown to be enriched in TGFb pathway members, including SMAD family 
members 3 and 6, inhibin bA and receptors for activin. Another study has shown an 
inhibitory effect of mutant FOXL2 on follistatin, another member of TGFb-family, 
normally having antiproliferative effects (162). Even though wt-FOXL2 is considered to 
abate proliferation and promote apoptosis, data concerning its role as a tumor suppressor 
gene are still conflicting.  






3.2 Other genetic alterations  
Recently, a few studies have shed more light on the mutational landscapes of AGCTs by 
using whole exome sequencing (WES) of both primary and recurrent tumors. First, a C228T 
promoter mutation in telomerase reverse transcriptase (TERT) was identified in subset of 
AGCTs resulting in significantly longer telomeres compared with mutation negative tumors 
(163). TERT is the catalytic subunit in telomerase, and it is usually silenced in differentiated 
cells, while in cancer cells it may be activated and thus act as tumorigenic factor (164, 165). 
Interestingly, mutation positive patients (22% of primary tumors and 41% of recurrent 
tumors) had worse overall survival when compared with mutation negative patients, 
indicating a role for TERT in AGCT progression. Another study using WES data from 22 
AGCTs suggested an association of AGCT pathogenesis with DNA repair and EGFR family 
pathways, but failed to identify any molecular alterations linked to recurrence or 
aggressiveness of tumors (151). However, in another WES based study a truncating 
mutation in the histone lysine methyltransferase gene KMT2D was found to be present in 
3% and 23% of primary and recurrent AGCTs, respectively (166). KMT2D  has earlier been 
identified as a tumor suppressor gene in selected lymphomas (167) and the reported 
association with its inactivation and AGCT recurrence raises interest towards its role in 
AGCT pathogenesis. 
3.3 Hormonal activity 
The role of FSH-pathway has long been discussed in AGCT pathogenesis. Functional FSH 
receptor has been reported to be expressed in AGCTs; however, no mutations in the FSHR 
gene have been detected (168-170). A unique feature of AGCTs is the ability of the tumor 
to secrete inhibin, which further acts by depressing pro-growth signals (36). Pituitary FSH-
production is also strongly suppressed by inhibin B, suggesting FSH-independent growth 
of AGCTs.  
 
FSH induces CYP19A1 in normal granulosa cells, but studies characterizing CYP19A1 
in AGCTs are scarce. In one study, CYP19A1 expression was seen in 60% of AGCTs, while 
in another study it was observed in nearly all tumors (171, 172). This latter study proposed 
that estrogenicity of AGCTs was dependent on the presence of androgen producing cells in 
the tumor. Another study identified the CYP19A1 promoter as a direct target of FOXL2, and 
suggested that mutated FOXL2 activates CYP19A1 more than wt-FOXL2 (173). Activity of 
CYP19A1 in AGCTs can be inferred since most of these tumors produce estrogen. 
  
Considering the significance of estrogen signaling in normal granulosa cells and the role 
of estradiol in initiation and progression of several endocrine cancers, tumor-derived 
estradiol has been proposed to have a role in AGCT pathogenesis (reviewed in (174)). In 
other hormone-related cancers like breast cancer, the proliferative effects are mainly 
mediated by ERa receptor while ERb seem to oppose these effects and act more as a tumor 
suppressor. Regarding both ERa and ERb, truncating variants have been detected in 






cancerous tissues. Whereas the wild-type ERb associates with improved survival in breast 
cancer, truncating variant ERb2 is correlated with a worse prognosis and metastatic disease. 
In AGCTs, ERb has been shown to be the dominant receptor expressed in virtually all 
AGCTs, whereas ERa  is expressed in approximately 30% (175). A recent study concerning 
AGCTs reported expression of ERb2 in mitochondria of AGCT cells and further 
interactions with a proapoptotic Bcl-2 family member, thus implicating ERb2 as an 
antiapoptotic agent in AGCTs (175). It has also been reported that repression of the 
NFkappaB pathway inhibits the normal actions of estradiol bound to nuclear estrogen 
receptors via Smad3 (176, 177).  
 
Similar to ERb, expression of the progesterone receptor (PR) and androgen receptor 
(AR) have been shown to be abundant in AGCTs (178-180). Even though progestins have 
occasionally been used in AGCT treatment, no further studies on their role in AGCT exists 
(72). Neither have any studies concerning androgenic activity in AGCTs been performed. 
 
Thus far, a couple of groups have studied the effects of estradiol stimulation in AGCT 
cell line KGN. Nevertheless, no effect on cell viability has been recorded (175, 181). 
Interestingly, when effects of E2 were studied in a migration assay, E2 could prevent the 
metastatic spread of AGCTs. This was thought to be mediated by a nongenomic mechanism 
involving the membrane receptor GPER (181).  
3.4 TGFb-pathway 
Many members of TGFb-superfamily have an active role in folliculogenesis and on the 
other hand they are also linked to tumorigenesis in many different cancer types. Multiple 
studies confirm its role in AGCT and link mutated FOXL2 to various members of this 
pathway (161, 162). TGFb-superfamily ligands act by binding to transmembrane type I or 
II receptors, further activating the intracellular SMAD proteins. Of the ligands, activin has 
been shown to promote AGCT formation by increasing SMAD2/3 levels whereas AMH, 
another ligand of TGFb-superfamily, is linked to SMAD 1/5 activation thus inducing 
apoptosis and inhibiting AGCT growth (182, 183). Also inhibin b is proposed to function 
as an antagonist of activin and BMP signaling, serving as a growth restricting factor (124, 
184).  
 
A physical interaction between FOXL2 and the TGFb-pathway signal mediator SMAD3 
has been documented in AGCTs (185). SMAD3 has been shown to promote AGCT survival 
through activation of transcription factor NF-kappaB and appears as an important regulator 
of cyclin D2 (CCND2), essential in cell cycle and proliferation (186). Together with 
FOXL2, SMAD3 also regulates gonadotrophin releasing hormone promoter interfering with 
the hormonal modulation of AGCTs (157). In individual AGCTs SMAD3 mutations have 
been reported, but their pathogenetic impact is not yet determined (151).  
 






3.5 Apoptotic pathways  
Dysregulation of apoptosis is one of the hallmarks in cancer evolution. The different 
apoptotic mechanisms have previously been presented (chapter 2.6). As apoptotic pathways 
are also essential in normal granulosa cells, disturbances in apoptosis are considered crucial 
in development of AGCT. 
 
It has previously been reported, that overexpression of FOXL2 induces apoptosis of rat 
ovarian granulosa cells (187). By using the AGCT cell line KGN, the C134W mutated 
FOXL2 was shown to display minimal cell death compared with the wild type FOXL2 
(188). This was due to differences in caspase activation and differences in regulation of 
death receptors, such as receptors for TNFa and Fas-ligand.  
 
Indeed, the interplay between various transcription factors seems to be fundamental in 
AGCT biology. In addition to FOXL2 and SMAD3, a zinc finger transcription factor 
GATA4 is essential in AGCT pathogenesis and all these three transcription factors have 
been shown to interact and modulate AGCT cell viability and apoptosis together (185). 
GATA4 is upregulated by FSH and TGFb and involved in proliferation of normal granulosa 
cells by regulating AMH, inhibin-a and CYP19A1 (189-191). In AGCTs GATA4 correlates 
positively with proliferation promoting cyclin D2 and apoptosis inhibitor Bcl-2 (192). In 
functional studies with AGCT cells, overexpression of GATA4 has been noted to protect 
AGCT cells from apoptosis (193). High GATA4 expression is also considered a prognostic 
marker as it correlates positively with increased risk of recurrence and shorter disease 
specific survival (82).  
 
There is convincing data on the role of TNF superfamily member TRAIL in AGCTs. 
Generally, TRAIL is considered as a promising anticancer agent, due to its ability to induce 
apoptosis primarily in transformed cells while not affecting normal cells (194). This is 
believed to be mediated by distinct expression of TRAIL receptors in malignant and normal 
cells (195). TRAIL was capable of inducing apoptosis in AGCT cell line KGN and primary 
AGCT cell cultures, while the TRAIL induced apoptosis was inhibited by GATA4. TRAIL 
receptors DR4 and DR5 were abundantly expressed in AGCTs, confirming functionality of 
TRAIL pathway in AGCTs and raising interest in TRAIL as a potential AGCT treatment 
(136, 196). 
  






4 Precision medicine approach 
The mechanism of action of conventional chemotherapy is based mostly on cytotoxicity. 
Chemotherapeutics affect the cell cycle and cell proliferation by for example interfering 
with DNA synthesis and replication, however their mechanism of action makes no 
difference between malignant and rapidly dividing benign cells. This causes multiple 
adverse effects: the most common problems include myelosuppression, gastrointestinal 
problems and neuropathy (197-199). Besides the side effects, another important limitation 
for the use of chemotherapeutics is the ability of cancer cells to develop drug resistance 
(200).  
 
As genomic knowledge increases and pathogenetic mechanisms of various cancers are 
elucidated, the principle of medication is shifting towards approaches targeting specifically 
cancer cells. The aim of precision medicine is to tailor treatment decisions according to 
genomic and proteomic features of a patient´s tumor (201). Besides aiming at maximal 
treatment benefit of each individual patient, personalized medicine strives to reduce adverse 
treatment effects, as therapies are directed at mechanisms prevailing especially in cancer 
cells. Even the classification of tumors is changing: whereas earlier the tumors were 
classified according to their location or anatomic origin, nowadays they can be reclassified 
based on their genomic background (202). A crucial aspect in precision medicine is the 
necessity of prognostic and predictive biomarkers. Prognostic markers are needed for 
example to identify patients who are likely to experience a particular outcome, whereas 
predictive markers are crucial in assessing patients´ probable response for a drug in question 
(203). This also produces economical sustainability, as expensive targeted treatments can 
be avoided in patient groups without any proven benefit for a certain therapy. 
 
However, major challenges are still to be confronted. Most cancers show considerable 
intertumoral heterogeneity, arising from mutational variability and alternating epigenetic 
regulation in tumors between different individuals. In addition to these intertumoral 
changes, significant genetic variation can also be detected intratumorally (204, 205). 
Especially in tumors harboring oncogenic driver mutations, multiple distinct cell clones can 
be present. Intratumoral heterogeneity is one of the reasons leading to acquired resistance 
of chemotherapeutics (206). 
4.1 Targeted treatments in clinical use 
Hormone therapies were one of the first targeted treatments in clinical use, and have been 
mainstays of breast and prostate cancer treatment for several decades (207, 208). In 1990s, 
the first therapeutic monoclonal antibodies rituximab and trastuzumab targeting lymphoma 
and breast cancer cells were produced. Since then, growth signal inhibitors, apoptosis 
inducers and angiogenesis inhibitors have been developed for clinical use. These 
compounds include both small molecular compounds penetrating the cell membrane and 
monoclonal antibodies binding to cell surface antigens (209). 







Growth signal inhibitors typically consist of small molecular regimen inhibiting 
intracellular kinases. One of the first approved targeted drugs has been imatinib, targeting 
BCR-Abl tyrosine kinase in chronic myeloid leukemia patients overexpressing BCR-Abl 
(210). Since approval of imatinib, multiple tyrosine kinase inhibitors have emerged and are 
currently in clinical use. The first apoptotic modulator for clinical use, Bcl-2 inhibitor 
venetoclax, was approved in 2016 and is currently used for treating lymphocytic lymphoma 
and leukemia (211). Angiogenesis inhibitors impair tumor vessel formation leading to 
inhibition of tumor growth (212). This can either happen directly by binding to angiogenesis 
inducers in endothelial cells, or indirectly by inhibiting proangiogenic proteins such as 
epidermal growth factor in tumor cells or tumor-associated stromal cells. Bevacizumab, a 
monoclonal antibody against tumor-cell derived vascular endothelial growth factor (VEGF) 
ligand VEGF-A, is one the most successful examples of direct inhibition of angiogenesis, 
currently widely used in several cancer types (reviewed in (213)). 
4.2 High throughput drug screening 
High throughput drug screening is a method that allows testing of hundreds of cancer active 
small molecular compounds for tumor-specific responses (214). Unbiased drug screening 
provides a useful tool especially for cancers with complex genomic background, as targeting 
these tumors may require inhibition of multiple molecules (215). Moreover, the screening 
allows repurposing of drugs that are currently used for other indications. This can be of 
major significance especially for rare cancers in which clinical trials are challenging to 
organize.  
 
In addition, the molecular profiling of tumors by RNA or exome sequencing can be 
incorporated into drug sensitivity data. This affords explanations for drug responses and 
aids in the search for predictive biomarkers. However, considering the amount of datasets 
generated in high-throughput screening, efficient bioinformatics tools for analyzing the data 
are needed. 
 
Previously high throughput drug screening and molecular profiling have been combined 
successfully in testing clinical blood samples from patients with acute myeloid leukemia 
(215). Patients were treated with drugs proven effective based on drug sensitivity and 
resistance testing (DSRT). Interestingly, several clinical responses were seen. Moreover, as 
the diseases progressed during these therapies and patient samples were re-tested, resistance 
for the used drugs was detected in the new drug screening. In addition to discovering 
effective treatments, this method can provide information on mechanisms behind drug 
resistance. Concerning solid tumors, the challenge lies in constructing representative cell 
cultures for the drug testing. However, high-throughput drug screening has recently been 
successfully applied also to patient derived cells from a prostate cancer specimen (216).  
 






Aims of the study 
This dissertation project focuses on improving differential diagnostics of AGCTs and 
exploring treatment options for advanced and recurrent tumors. 
 
The specific aims of the research are to: 
 
1) Study the usability of epithelial ovarian carcinoma marker HE4 in differential 
diagnostics of AGCTs. 
 
 
2) Evaluate the role of TRAIL as a target for therapy via measuring its expression 
in clinical AGCT patient samples. 
 
 
3) Characterize the hormonal milieu of AGCTs and study the effects of hormonal 
stimulation in AGCT cells. 
 
 
4) Search for new targeted therapies for AGCT by using high-throughput drug 
screening combined with molecular profiling of tumors. 






Materials and methods 
1. Patients (I-IV) 
We collected data retrospectively on 138 AGCT patients diagnosed at Helsinki University 
Hospital from 1956 to 2016. Clinical information was collected from hospital archives and 
formalin-fixed paraffin embedded samples were used for constructing a tumor tissue 
microarray. In the prospective cohort starting from 2007, 83 patients signed their informed 
consent to give blood samples and fresh tumor tissue upon surgery. These patients have 
been followed using hospital files and all living patients in the prospective cohort have been 
invited to a follow-up visit in the hospital every 5 and 10 years. The causes of death were 
collected from death certificates retrieved from the Finnish Causes of Death Registry. The 
Ethics Committee of Helsinki University Hospital (197/E9/06 and 210/13/03/03/2016)) and 
the National Supervisory Authority of Welfare and Health in Finland 
(THL/1469/5.05.00/2012)) approved the study protocol. 
2. Serum samples (I, II, III) 
Between 2007 and 2016, 153 serum samples from 83 AGCT patients were collected and 
stored at -80°C for later analyses (Table 1). Thirty three % (n=51) of the samples were 
collected preoperatively and classified as “with disease” samples, and 67 % (n=102) were 
collected during the follow-up and classified either “with disease” (WD) or “disease free” 
(DF). The WD samples were drawn within a month before surgery or chemotherapy, and 
the DF samples were drawn during follow-up after a minimum of three months from cancer 
treatment. For controls in study I, 40 preoperative samples from patients with endometrioma 
and 37 preoperative samples from patients with epithelial ovarian carcinoma were collected 
from Turku University Hospital. For AGCT and EOC patients, FIGO 2009 classification 




























A patient was considered premenopausal if she had one or two ovaries and menopause 
was not indicated in the medical records (e.g., cessation of regular bleeding, presence of 
menopausal symptoms, use of hormonal replacement therapy). Patients were considered 
postmenopausal if both ovaries had been removed (independent of age), or the patient was 
postmenopausal according to her medical history. 
 
 
A Patients  Study I (n=82) Study II (n=83) Study III (n=47) 
 n (%) n (%) n (%) 
Age at diagnosis, yearsa 52 (19-81) 52 (19-81) 56 (26-80) 
Tumor stage at diagnosis    
I 76 (93) 77 (93) 47 
II 5 (6) 5 (6) 0 
III 1 (1) 1 (1) 0 
IV 0 0 0 
Follow-up time, yearsa 10.7 (2.3-51.3) 8.4 (0.7-49.6) 5.3 (0.4-20.9) 
Recurrence    
Yes 21 (26) 21 (25) 19 (40) 
No 61 (74) 62 (75) 24 (51) 
n/a 0 0 4 (9) 




B Sample characteristics  Study I (n=135) Study II (n=141) Study III (n=51) 
 n (%) n (%) n (%) 
WD 36 (27) 39 (28) 51 (100) 
Primary 17 (13) 17 (12) 31 (61) 
Recurrent 19 (14) 22 (16) 20 (39) 
DF 99 (73) 102 (72) n/a 
Tumor size (WD samples)    
Cma 7.0 (2.0-30.0) 7.0 (2.0-30.0) 7.0 (2.0-32.0) 
<10 cm 26 (72) 27 (69) 24 (47) 
³10 cm 9 (25) 11 (28) 15 (29) 
n/a 1 (3) 1 (3) 12 (24) 
MP status at sample retrieval    
Premenopausal 18 (13) 18 (13) 10 (20) 
Postmenopausal 117 (87) 123 (87) 41 (80) 
a Median (range)    
 
Table 1. Clinicopathological data on patients with serum samples. WD= with disease, DF= 
disease free, MP=menopause 
 






3. Tissue samples (II, III, IV) 
For the studies II and IV, we used previously constructed tumor tissue microarray (TMA), 
consisting of 69 primary and 12 recurrent AGCT samples. For the study III, a new TMA 
was constructed, including 121 primary and 54 recurrent tumor samples, including the 
samples in the old assay (Table 2). In this new TMA we were able to include both primary 
and recurrent samples from 19 patients (1-5 recurrent samples each).  Both TMAs were 
paraffin embedded and consisted of quadruple core samples, maximum 95 samples on each 
slide. Data on both TMAs are summarized in Table 2. All samples were tested positive for 
FOXL2 mutation by Taqman SNP Genotyping assay (Applied Biosystems, Warrington, 
UK). Stage of the primary tumor was determined according to the FIGO 2009 criteria. In 
part of the TMA sections, some of the core samples were missing from the array, or 
represented only connective tissue, and could thus not be used in analyses. For control 
samples, we used three normal ovary samples from premenopausal women who have 
undergone ovariectomy due to cervical cancer. Fifty-one fresh AGCT tissue samples were 
collected upon operation between 2007 and 2016. The samples were snap-frozen in liquid 











































A Patients Study II and IV (n=79) Study III (n=138) 
 n (%) n (%) 
Age at diagnosis, years (range) 50 (26-81) 53 (26-81) 
Tumor stage at diagnosis   
I 68 (86) 126 (93) 
II 8 (10) 8 (6) 
III 3 (4) 1 (1) 
IV 0 0 
n/a 0 3 (2) 
Follow-up time, years 15.3 (0.7-38.6) 15.0 (0.7-42.3) 
Recurrence   
Yes 27 (34) 51 (37) 
No 52 (66) 87 (63) 
Survival   
Alive 45 (57) 91 (66) 
Dead of AGCT 19 (24) 24 (17) 
Dead of other 15 (19) 23 (17) 
 
B Samples  Study II and IV (n=81) Study III (n=175) 
 n (%) n (%) 
Tumor type   
Primary 69 (86) 121 (69) 
Recurrent 12 (14) 54 (31) 
Histology   
Sarcomatose 31 (38) 72 (41) 
Differentiated 50 (62) 98 (56) 
n/a 0 5 (3) 
Tumor size   
<10 cm 50 (62) 103 (59) 
³10 cm 31 (38) 70 (40) 
n/a 0 2 (1) 
Nuclear atypia   
High 19 (23) 50 (29) 
Low 62 (77) 121 (69) 
n/a 0 4 (2) 
Mitotic index   
High 21 (26) 48 (29) 
Low 60 (74) 123 (71) 
n/a 0 4 (2) 
 
 
Table 2. Clinicopathological data concerning the tumor tissue microarray (TMA) of AGCTs. The 
“old” array was used in studies II and IV, whereas a new TMA was constructed for study III.  






4. Cell cultures (II-IV) 
4.1 Primary AGCT cell culture (II-IV) 
Between 2007 and 2016, we established primary cultures from 17 primary and 11 recurrent 
AGCTs. The fresh tumor sample was retrieved straight from operation room in ice cold 
PBS, mechanically minced, filtered through a 140µm filter mesh with native growth 
medium DMEM/F12, washed twice with cell culture medium, and incubated for 2-3 days 
in DMEM/F12 supplemented with 10% fetal bovine serum (FBS), penicillin (100 IU/ml) 
and streptomycin (100 IU/ml). The cells were grown at +37°C in humified atmosphere 
containing 5% CO2. After incubation cells were trypsinized and plated for experiments. For 
the hormonal experiments (study III), phenol free medium and chacoal stripped FCS were 
used. The cells were identified positive for the FOXL2 402C>G mutation by Taqman SNP 
Genotyping assay (Applied Biosystems, Warrington, UK). 
4.2 hGL culture (IV) 
For the study IV, we used human granulosa luteal cells collected from women undergoing 
in vitro-fertilization treatment in Helsinki University Hospital. Three pooled hGL samples 
were used, each consisting of granulosa-luteal cells derived from 78–122 mature ovulatory 
follicles from four to seven different patients. Isolation of hGL cells was performed 
according to the protocol described by Shi et al (217). The cells were identified wild-type 
for the FOXL2 402C>G mutation by Taqman allelic discrimination assay. Prior to the 
DSRT screen, isolated cells were suspended in DMEM/F12 growth medium, supplemented 
with 2.5% Nu-serum I, ITS+TM Premix (both from BD Biosciences, Bedford, MA, USA), 
penicillin/streptomycin, and L-glutamine (Gibco).  
4.3 GCT cell lines (III, IV) 
Currently, two commercial cell lines are regarded as human GCT cell lines, KGN and 
COV434. Of these, KGN is derived from a recurrent adult-type GCT harboring the FOXL2 
mutation, whereas COV434 is wild type for FOXL2 and represents a juvenile GCT. KGN 
cell line (a gift from Dr Toshihiko Yanase, Kyushu University, Fukuoka, Japan) was 
cultured similar to primary AGCT cells. The COV434 cells were cultured in DMEM 
containing FCS, penicillin and streptomycin. 






5. Functional experiments (III, IV) 
5.1 Hormone stimulation and letrozole treatment (III) 
To deplete the cells from external hormones, both KGN and primary cultured AGCT cells 
were grown for 10 or 3 days prior to stimulation, respectively, in phenol red free 
DMEM/F12 medium supplemented with 10% charcoal stripped FCS, L-glutamine and 
antibiotics. For the cell viability assay, 10 000 KGN or primary AGCT cells per well were 
plated on 96-well plates in hormone-depleted medium. For RNA extraction and medium 
collection, 600 000 cells per well were plated on 6-well plates. 24 h after plating, the cells 
were treated with 100 nM of FSH (#HOR-253, Immuno Diagnostics, Hämeenlinna, 
Finland), 1000 nM of E2 (#E2758, Sigma-Aldrich, St Louis, USA), 2 µM testosterone 
(#86500, Sigma-Aldrich), or 5 µM dose of letrozole (#L6545, Sigma-Aldrich). Cell viability 
was quantified by the WST-1 assay measuring the amount of metabolically active cells 
(Sigma-Aldrich), and RNA and medium samples were collected after 96 hours. 
5.2 Drug sensitivity and resistance testing (IV) 
A collection of 230 oncology compounds was used to test responses of primary AGCT cells, 
human granulosa luteal cells (hGL) and KGN and COV434 cell lines. Compounds were 
tested in five different concentrations in 10-fold dilutions covering a 10 000-fold 
concentration range (e.g. 1-10 000 nM). Twenty µl of a single cell suspension (1000 
cells/well) was transferred to each predrugged well using a MultiDrop Combi (Thermo 
Scientific, Waltham, MA, USA) peristaltic dispenser. After 72 h of incubation, the cell 
viability was measured using the CellTiter-Glo luminescent assay (Promega Corporation, 
Madison, WI, USA).  
 
KGN and COV434 cell viability was tested in response to the drug combinations in a 
matrix format. Paclitaxel was used in combination with either dasatinib, everolimus, 
AZD8055, or PF-04691502. One thousand KGN or COV434 cells were plated per well on 
predrugged 384-well plates and incubated for 72 h. The cell viability was measured with 
CellTiter-Glo assay.  
6. mRNA expression (II, III, IV) 
Freshly frozen AGCT tissue samples were lyzed in RP1 lysis buffer and homogenized using 
Precellys Lysing Kit and tissue homogenizer (Bertin Technologies, France). The RNA was 
isolated with Nucleospin RNA/Protein kit (Macherey-Nagel, Düren, Germany) and purified 
with Nucleospin RNA Clean-up kit (Macherey-Nagel, Düren, Germany) according to 
instructions. RNA integrity was verified using Agilent 2100 Bioanalyzer (Agilent 






Technologies, Santa Clara, CA, USA). The first-strand cDNA synthesis was performed fron 
0.5 µg of total RNA by using the Reverse Transcriptase Core Kit (Eurogentec, Seraing, BE). 
6.1 Quantitative real-time PCR (II, III) 
qPCR was carried out using the MESA GREEN qPCR MasterMix Plus for SYBR Assay 
(Eurogentec, Seraing, BE). Primers listed in Table 3 were designed by using NCBI/Primer-
BLAST tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Target gene expression was 








6.2 RNA-sequencing (III, IV) 
Illumina compatible Nextera™ Technology was used for preparation of RNAseq Libraries. 
Nucleotides were tagged and the fragmented cDNA was purified with SPRI beads. To 
enrich the library and add the Illumina specific bridge PCR compatible sites, PCR for 5 
cycles was performed. PCR products were purified with SPRI beads, and the quality of the 
library was evaluated by Agilent Bioanalyzer. Cluster generation was performed by C-Bot, 
and Illumina HiSeq2000 platform was used for paired end sequencing with 93 bp read 





























   
	 	 	 	 	 	
	
Table 3. qPCR primer sequences.   






6.3 RNA in situ hybridization and scoring of the results (III) 
RNA in situ hybridization was performed on freshly cut 5 µm sections of the TMA using 
RNAscope 2.5 HD detection kit-BROWN (#322310, ACDBio, Milano, IT) for target 
mRNA detection. Tissue sections were heated for 1 h at 60°C, then deparaffinized and 
treated with hydrogen peroxide for 10 min at room temperature. Target retrieval was 
performed for 15 min at 100°C, followed by protease plus treatment for 15 min at 40°C. 
The probes Hs-FSHR (#400501), Hs-CYP19A1 (#430861), Hs-GPER (#553361), positive 
control probe Hs-PPIB (#313901) and negative control probe dapB (#310043) were 
hybridized for 2 h at 40°C followed by signal amplification steps. The samples were 
incubated for 60 min with AMP 5 reagent. The sections were next treated with DAB for 10 
min at room temperature followed by counterstaining with 50% hematoxylin. The sections 
were dipped in ammonium water and dehydrated in ethanol series and UltraClear before 
mounting. Two researchers performed the scoring independently and disagreements were 
resolved by a joint review. Staining intensity was classified from 0 to 3 (0=negative, 1= 
weak, 2=moderate, 3=high intensity).  
7. Protein expression (I-IV) 
7.1 Immunohistochemistry and scoring of the results (II, III, IV) 
Paraffin-embedded tissue sections of 5µm were deparaffinizied, rehydrated, treated by 
boiling for 20 min in 10 mM citric acid for antigen retrieval, and the endogenous peroxidase 
was blocked with 3 % hydrogen peroxide. Used antibodies are listed in Table 4. 
Immunoperoxidase staining was performed by using an aviditin-biotin immunoperoxidase 
system (Vectastain Elite AMB kit, Vector Laboratories, Burlingame, CA, USA) and DAB 
(Sigma) to visualize the bound antibody. The sections were counterstained by hematoxylin. 
In studies II and IV, images were produced with LS Leica DMRXA microscope, connected 
to an Olympus DP70 camera and DCP controller image acquisition program. In study IV 
images were generated by using 3DHISTECH Pannoramic 250 FLASH II digital slide 
scanner at Genome Biology Unit (Research Programs Unit, Faculty of Medicine, University 
of Helsinki, and Biocenter Finland). Two independent researchers performed the scoring by 
assessing the intensity of staining and percentage of positive cells. The tumors were divided 
into subgroups of high, intermediate, low and negative staining and the threshold levels 
were defined individually for each antigen depending on the immunoreactivity and the 
localization of the antigen. Disagreements were resolved by a joint review. Mitotic index 
















7.2 Immunofluorescence (II) 
Primary AGCT cells were first cultured for six days and then plated on four-well chamber 
glasses. After four days, the cells were fixed with 4% PFA, permeabilized with 0.1% PBS-
Triton-X, blocked with 1% BSA and stained with primary antibodies. Secondary antibody 
with Alexa fluor 488 (GFP) conjugate was then added and the nuclei were counterstained 
with DAPI. 
7.3 ELISA and automated immunoassays (I, II) 
The serum, plasma and cell culture supernatant samples were analyzed using commercial 
enzyme-linked immunosorbent assay (ELISA) or automated immunoassays according to 
manufacturer´s instructions. The following kits for ELISA were used: HE4 (Fujirebio 
Diagnostics inc., Malvern, PA, USA), inhibin B (Gen II ELISA, Beckman Coulter), AMH 
(AnshLabs, Webster, TX, USA), TRAIL (R&D Systems, Minneapolis, MN, USA). 
Automated immunoassays of the hospital clinical laboratory were used for FSH (Abbott 
Laboratories, IL, USA) and E2 (Siemens Healthcare, Erlangen, Germany). 
7.4 Liquid chromatography tandem mass spectrometry (LC-MS/MS) (III) 
LC-MS/MS was utilized for assessing estradiol concentrations in cell culture supernatants 
after hormone stimulations. Medium was collected from KGN and primary AGCT cells at 
96 h time point and analysed for E2 concentration using a mass spectrophotometer at 
Antigen Manufacturer Catalog #  Method Dilution 
FOXL2 Santa Cruz Biotechnology sc-25825 IF 1:100  
TRAIL Santa Cruz Biotechnology sc-1891 IHC, IF 1:100 (IHC)/1:50 (IF) 
ERa Thermo Clone SP1  IHC 1:25 
ERb Novocastra NCL-ERb IHC 1:200 
CYP19A1 Novusbio  NBP2-33336 IHC 1:5000 
survivin Santa Cruz Biotechnology sc-10811 IHC 1:400 
Akt Cell Signaling Technology 4691 IHC 1:2000 
mTOR Cell Signaling Technology 2983 IHC 1:50 
SRC Santa Cruz Biotechnology sc-8056 IHC 1:800 
PDGFRA Santa Cruz Biotechnology sc-338 IHC 1:1200 
PDGFRB Santa Cruz Biotechnology sc-339 IHC 1:2000 
EPHA5 Santa Cruz Biotechnology sc-1014 IHC 1:1200 
 
Table 4. Antibodies utilized. IF= immonufluorescence, IHC= immunohistochemistry 






HUSLAB. Calibrators containing 25-1000 pmol/l of E2 (Cerilliant) were prepared in 50% 
methanol. Forty µl of sample extracts and calibrators were analysed on an LC-MS/MS 
system equipped with an AB Sciex 5500 triple quandrupole mass spectrometer. Data were 
acquired and processed with the Analyst Software (Ver 1.6.2; AB Sciex).  
8. Statistical analyses (I-IV) 
The cell culture and mRNA expression data were analysed with one-way ANOVA followed 
by with-control Dunnett´s or each pair Student´s t-test. Serial measurements in serum 
expression data with parametric distribution according to Shapiro-Wilk´s test were analyzed 
with generalized linear model and Pearson’s correlation coefficient. Parameters with 
nonparametric distributions even after logarithmic transformation were analyzed with 
Mann-Whitney test or Spearman´s rho. For multiple regression, generalized linear model 
and maximum likelihood ratio estimation was used. For serum marker comparisons, 
receiver operating characteristic (ROC) curves were constructed, and the area under the 
curve (AUC) values were calculated. The immunohistochemical data and categorical 
variables were analysed with contingency tabling (2x2) and chi-square or Fisher´s exact 
tests when appropriate. The comparison between primary and recurrent tumors was 
performed by matched-pair t-test analysis. Survival curves of different groups were 
illustrated by Kaplan-Meier plots and compared with the Log-rank test.  
 
To quantify  the drug responses of individual samples and to compare the drug responses 
between the AGCT samples, the model-based drug sensitivity score (DSS) was calculated 
for the drug sensitivity and resistance tested samples (218). Clustering of the drug sensitivity 
profiles across the AGCT and control samples was achieved using Ward’s unsupervised 
hierarchical clustering method with Euclidean and Manhattan distance measures for the 
drug and sample profiles, respectively, utilizing heatmap.2 function in “gplots” R package. 
The associations between the DSS profiles were analyzed with Spearman’s rank correlation 
coefficient. Drug combination synergy was calculated by comparing the observed joint 
inhibition level at each dose combination to the expected combination effect using the zero 
interaction potency model (219). 
 
The RNA sequencing data in study III were processed and analyzed with SePIA (220) 
on the Anduril framework (221). Reads were quantified with Kallisto, and edgeR was used 
for differential expression analysis. In study IV the sequencing data were mapped to human 
reference genome Build 37 using Tophat2 and assigned to genomic features (Ensembl 69 
gene models) using Cufflinks and HTseq with default settings. Variant calling and filtering 
from RNA sequencing reads was performed on the AGCT samples using Genome Analysis 
Toolkit (GATK). 
 
Two-sided p-value less than 0.05 was considered statistically significant. Data in studies 
I-III were analyzed using JMP pro13 and in study IV using the R 3.1.0 statistical software 
platform. 






Results and discussion 
1. Searching optimal diagnostic tumor marker for AGCT (I) 
The exact diagnosis of ovarian mass cannot be made until histopathological evaluation of 
the tumor. Preoperatively, however, it is important to distinguish potentially malignant 
tumors from benign ovarian cysts. To achieve optimal treatment results, ovarian cancer 
should be operated in specialized units by experienced surgeons. This applies also to AGCT, 
as successfully performed surgery is the cornerstone of treatment and intraoperative tumor 
rupture increases the risk for recurrence (8, 81). 
 
In the diagnostics of most common ovarian malignancies, epithelial carcinomas, CA125 
and HE4 appear as most precise tumor markers and they are widely used in preoperative 
evaluation of ovarian tumors. Concerning AGCTs, inhibin B and AMH have emerged as 
sensitive and specific markers in surveillance (29). There are some reports regarding CA125 
in AGCTs, however no data exist on other epithelial serum tumor marker, HE4, in this tumor 
type. We thus aimed to measure serum levels of HE4 in AGCT patients. We also aimed to 
clarify which tumor marker or marker combination is most sensitive and specific in 
differentiating AGCT from other ovarian tumors. 
1.1 Serum HE4 levels are not elevated in AGCTs 
HE4 levels were measured in 36 preoperative AGCT samples (“with disease” samples, WD) 
(Table 1 in Mat & Met). The median level was 73.3 pM (range 39.6-256.1 pM). When the 
cut-off for normal values was set to 150 pM according to the kit manufacturer´s instructions, 
only one AGCT WD patient had serum concentration above this level. Regarding this 
patient, the elevated HE4 value was putatively due to impaired renal function. It is widely 
known, that HE4 concentrations are increased in chronic kidney disease (24, 222). This was 
also evident in our data, as HE4 correlated positively with the creatinine levels in AGCT 
patients (Figure 6). HE4 levels in AGCT WD group did not correlate to tumor size, stage or 
risk of recurrence. 
 
 












Next, we compared the serum HE4 levels of AGCT WD patients with AGCT patients 
with no macroscopic disease (“disease free” samples, DF). There were altogether 99 
samples from 76 patients, as the sample set included two serial follow-up samples from 25 
patients. Surprisingly, there was a significant difference between these two patient groups, 
the AGCT WD group presenting with higher HE4 values (p=0.034). Nevertheless, after 
excluding patients with impaired renal function, no difference was detected (p=0.35, Figure 


























































Figure 7. Serum HE4 levels in AGCT were not elevated. HE4 levels were significantly increased 
in EOC compared to AGCT WD, AGCT DF and ENDO groups. In the ENDO group the levels 
were significantly lower than in the other groups, due to younger age distribution in the ENDO 
group. Patients with impaired kidney function (GFR<60 ml/min/1.73m2) were excluded. The 
dashed line indicates the cut-off value (150 pM). **=p<0.0001. WD=with disease, EOC= 
epithelial ovarian carcinoma, ENDO=endometrioma, DF=disease free. 
 
Figure 6. Serum HE4 levels correlated positively to serum creatinine (crea) levels in AGCT 
patients. HE4 levels were measured in 36 AGCT WD patients and 99 AGCT DF patients.  
 






1.2 Low HE4 levels differentiate AGCTs from EOCs 
HE4 levels in AGCT patients were also compared with preoperative levels in 37 epithelial 
ovarian carcinoma patients (EOC). As expected, the levels were significantly higher in the 
EOC group (p<0.0001). This was also seen when patients with renal dysfunction were 
excluded (Figure 7). In our study most EOCs (81%) were stage III and IV whereas all 
AGCTs were stage I. This reflects the common tumor stage at diagnosis, due to the different 
growth type of these two distinct tumor types. Some earlier studies have presented HE4 as 
a sensitive marker also in stage I EOC (23, 223), nevertheless later studies have not 
confirmed this finding (224). The difference between AGCT and EOC patients remained 
significant in this study also when only stage I patients were analyzed (data not shown). 
 
When the HE4 levels were compared between AGCT WD samples and 40 preoperative 
samples from endometrioma patients (ENDO), the difference was statistically significant 
(p<0.0001). This difference was also noted when patients with impaired renal function were 
excluded (Figure 7). Apart from renal function, age is considered as the main factor in 
determining HE4 levels in healthy subjects (25). AGCT and ENDO groups differed 
significantly on patient age: the median age in AGCT group was 60 years (range 36-80 
years) whereas in ENDO group it was 32 years (range 26-47 years). According to a study 
determining HE4 limits in Nordic population, HE4 serum levels were 35% higher in the age 
of 60 when compared to the age of 30 and our results are convergent with this data. In the 
study by Bolstad et al (25), age dependent reference limits are suggested and this is also 
supported by another report from Korea (225). This has lead to use of separate reference 
values that take into account patient´s age. For example in our clinic the limit for patients 
<50 years is 70 pM and for patients >50 years it is 90 pM. If these reference levels would 
have been used in our study, a majority (72%) of AGCT WD samples would be classified 
as normal. Of the patients whose HE4 values exceeded the clinical reference limit, 90% 
either had impaired renal function or were smokers. Smoking has been shown to increase 
HE4 levels even up to 29% (25). HE4 is expressed in the airway epithelium and it is 
suggested that airway inflammation could explain increased levels (25, 226). In our cohort, 
we lacked the information of smoking status from most patients, and thus could not properly 
estimate the effect of smoking in this data set.  
 
In addition to the respiratory tract, HE4 is normally expressed in breast, kidney and 
epithelium of reproductive tissues, including endocervical and endometrial glands and 
fallopian tubes (227, 228). Earlier, it has been reported that HE4 is not detected in AGCT 
tissue at protein level, however this was based on staining of only five AGCTs (226). 
Nevertheless, our results on HE4 serum concentrations support this finding.  
1.3 CA125 is elevated in a subset of AGCTs without any prognostic significance 
Serum CA125 levels were analyzed in preoperative samples of AGCT patients, and the 
median value was 19.5 IU/ml (range 5-5400 IU/ml), which is clearly below the common 






reference limit. Contrary to HE4, the reference limits in CA125 are more established and 
35 IU/ml is widely used as the upper limit. Even though the levels were generally low, they 
were significantly higher in AGCT WD patients when compared with AGCT DF patients. 
Concerning one AGCT patient with elevated CA125 levels, there was also simultaneous 
endometriosis which may have influenced the CA125 value. Another AGCT patient had 
extremely high CA125 concentrations: 5400 IU/ml in WD sample and 696 IU/ml in DF 
sample. No explanations for this were evident. The AGCT WD levels were similar to levels 
in ENDO patients and as expected, in EOC patients CA125 was significantly elevated 
compared with other groups. Altogether, only 25% of AGCT WD patients had CA125 levels 
above normal limit, which is in line with results from earlier studies (27, 28). No correlation 
between serum CA125 level and tumor size or tumor stage were noted and the levels were 
not prognostic for disease-specific or overall survival. 
1.4 Inhibin B and AMH are specific markers for AGCT 
Inhibin B and AMH are both produced by AGCT and are validated markers in AGCT 
surveillance. We now assessed their role in differential diagnostics.  
 
The median concentration in AGCT WD group for inhibin B was 211.5 ng/l (range 8-
2000 ng/l), and the levels were significantly higher when compared to EOC and ENDO 
groups (p<0.0001) (Figure 8A). In the ENDO group, inhibin B was elevated when compared 
with the EOC and AGCT DF groups. This is due to fact that all the patients in the ENDO 
group were premenopausal and had functional ovaries. Inhibin B is normally secreted from 
granulosa cells of developing follicles, and thus its levels at fertile age are physiologically 
higher than in the postmenopause where the concentrations become undetectable. For 
premenopausal women the reference limit in our study was 200 ng/l, whereas in 
postmenopausal women levels >16 ng/l were considered abnormal. From the 36 AGCT WD 
patients 33 (92%) had inhibin B levels above the reference limits. Inhibin B has earlier been 
studied in endometriosis patients, and the levels have been reported to be lower than in 
healthy individuals possibly due to impaired granulosa cell function (229). In our ENDO 
group only one patient presented with an abnormal inhibin B value (220.7 ng/l). In the EOC 
group, none of the patients had levels above the reference limit. This is in line with earlier 
findings on normal inhibin B levels in serous tumors (230). Inhibin B has however been 
reported to increase in mucinous tumors (230). The EOC group in our study included two 
mucinous carcinomas exhibiting normal inhibin B levels. It is notable, that some other sex-
cord stromal tumors may present with increased inhibin B levels, including benign fibromas 
and thecomas (230, 231). 
 
AMH levels were also significantly higher in AGCT WD patients when compared to 
those of EOC and ENDO patients. Median AMH concentration in AGCT WD was 7.8 ng/ml 
(range 0.02-125 ng/ml) (Figure 8B). Similar to inhibin B, also AMH is produced by normal 
granulosa cells of growing follicles, especially from primary up to small antral stage. The 
levels peak around the age of 25 and decline then gradually during fertile age span, 






becoming undetectable in menopause. The upper reference limit for AMH was 13 µg/l and 
<0.2 µg/l for premenopausal and postmenopausal patients, respectively.  In the AGCT WD 
group, 83% of the patients had elevated AMH levels, in line with earlier studies reporting 
AMH to be elevated in 78-92% of AGCTs (29, 31, 32, 77). In the EOC group, none of the 
patients had elevated AMH levels, and in the ENDO group only two patients had AMH 






1.5 Inhibin B is the most accurate single preoperative marker in AGCT differential 
diagnostics 
We also performed receiver operating characteristic (ROC) curve analyses by using the 
continuous values of the markers (Figure 9). In distinguishing AGCTs from EOCs, all single 
markers were highly accurate, resulting in AUCs between 0.92 and 0.97.  Inhibin B 
performed as the most precise single marker with AUC 0.97. In differentiating AGCTs from 
ENDOs, the accuracies of single markers were lower (0.60-0.88), reflecting the irrelevancy 
of HE4 and CA125 in both AGCTs and endometriomas, and the normal variation of inhibin 


























































































Figure 8. Serum concentrations for inhibin B (A) and AMH (B). The black and gray dots 
represent premenopausal and postmenopausal patients, respectively. Dashed lines indicate the 
cut-off levels. *=p < 0.05, **=p < 0.0001. WD=with disease, EOC=epithelial ovarian 
carcinoma, ENDO=endometrioma, DF= disease-free. 
 














ROC curve analyses were also performed by using the dichotomized data regarding the 
cutoff levels for each marker. In differentiating AGCTs from EOCs, all the markers 
performed well, inhibin B presenting as the most accurate single marker with AUC 0.96. In 
differentiating AGCTs from ENDOs, the utilization of the cut-off levels improved the 
accuracy of inhibin B and AMH (AUC 0.95 and 0.89, respectively). The ROC-AUC 
comparison analyses using the dichotomized data confirmed the superiority of inhibin B in 
AGCT differential diagnostics, as there was no added value to use marker combinations 
compared to inhibin B measurements alone, when differentiating between AGCTs and 
EOCs. In differentiating AGCTs from ENDOs, inhibin B and AMH were equally accurate. 
Combination of inhibin B and AMH was significantly more accurate than inhibin B alone 
(p=0.036) or AMH alone (p=0.004). The combination resulted in sensitivity of 100% and 
specificity of 93%.  
 
This was the first study investigating circulating HE4 levels in AGCTs. The increased 
HE4 levels in patients with impaired renal function underline the importance of measuring 
creatinine levels if elevated HE4 levels are detected. CA125 is elevated in only subset of 
AGCTs without any clinical correlations. Clinically, it is important to note that normal 
CA125 and HE4 levels do not rule out a malignant ovarian tumor. Inhibin B is a sensitive 
and specific marker in AGCT differential diagnosis and combination of AMH and inhibin 
B may be useful especially in premenopausal patients.  
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Figure 9. The receiver operating curve analyses for HE4, CA125, inhibin B, AMH, and marker 
combinations using continuous values. The accuracies of single markers and combinations of 
markers in distinguishing between AGCT WD and EOC (A) and AGCT WD and ENDO (B). 
WD=with disease, EOC= epithelial ovarian carcinoma, ENDO=endometrioma, DF=disease 
free. 






2. TRAIL as a potential therapeutic agent for AGCT (II) 
Disturbances in apoptosis are suggested to play a crucial role in AGCT pathogenesis. Our 
group and others have earlier confirmed the activity of TRAIL pathway in AGCT and 
demonstrated the ability of TRAIL to induce apoptosis in AGCT cells (193, 232). Now we 
aimed to translate this to clinical patient samples and evaluated the levels of TRAIL in serum 
and tumor specimen of AGCT patients. Physiologically TRAIL is expressed in various cell 
types, particularly in the immune cells, and soluble TRAIL has been detected in circulation 
under physiological conditions (144, 233-235). Recent data from animal studies imply that 
lack of TRAIL may promote pathological processes such as chronic inflammation and 
tumorigenesis (236).  
2.1 TRAIL protein expression is decreased in large AGCTs 
First, we immunostained our normal ovary samples with TRAIL antibody and discovered 
positive expression in granulosa and theca cells of primary and preovulatory follicles. 
Endothelial cells and ovarian stromal cells also showed positive staining for TRAIL (Figure 
10A). 
 
Immunohistochemical analysis of 83 AGCTs revealed TRAIL protein expression in 48 
(59%) of studied tumors at a comparable level to normal granulosa cells. Staining pattern 
was diffuse and tumor stroma presented even stronger staining compared to tumor cells 
(Figure 10 B,C). Thirty (37%) of AGCT tumors showed low staining and three (4%) tumors 
remained negative for TRAIL. Interestingly, TRAIL expression was significantly lower in 
tumors over 10cm in diameter when compared to smaller tumors (p=0.04). We also noted a 
positive correlation between expressions for TRAIL and for TRAIL receptors DR4 
(p=0.006) and DR5 (p=0.02), confirming the functional TRAIL pathway in 
AGCTs.Noteworthy, TRAIL expression correlated positively to GATA4 expression in 
AGCTs (p= 0.003). This is of interest as GATA4 has earlier been reported to protect AGCT 
cells from TRAIL-induced apoptosis in both KGN cell line and primary AGCT cultures 
(193). Thus, our results suggest resistance of TRAIL mediated apoptosis by increased 




Figure 10. Positive IHC-staining for TRAIL in the normal ovary (A) and in AGCT (B, C). TRAIL 
protein was expressed in granulosa cells (arrows), thecal cells (asterisks), in endothelial cells (small 
arrowheads) and in the ovarian stroma (big arrowheads) (A). Diffuse staining in AGCT (B). 
Staining was stronger in tumor stroma than in the tumor cells (C). d=dominant follicle, p=small 
secondary follicle, g=GCT cells   
 






2.2 Circulating TRAIL levels are lower in patients with large AGCTs 
To clarify the role of circulating TRAIL levels in AGCT patients, we next analyzed serum 
TRAIL concentrations from 141 serum samples (Table 1). Of these, 39 samples were drawn 
preoperatively (with disease, WD samples) and 102 samples were drawn at least a month 
after radical surgery with no evident of disease (disease free, DF samples). We noticed that 
the tumor itself had minimal effect on circulating TRAIL levels, as no significant difference 
between WD and DF patient groups emerged. Nevertheless, soluble TRAIL levels were 
significantly lower in patients with tumors more than 10 cm in diameter (mean 83.6, SD 
29.2, pg/ml) compared to patients with tumors less than 10 cm in diameter (mean 122.1, SD 
30.2, pg/ml, p=0.002) (Figure 11A). This was confirmed in analysis regarding tumor size 
as a continuous variable (r=-0.4, p=0.01) (Figure 11B). Tumor size did not correlate to any 






2.3 TRAIL levels in AGCTs are related to estradiol levels  
Circulating TRAIL levels were recently investigated in a healthy population, and 
interestingly in women under 50 years of age serum TRAIL levels were significantly lower 
than in older women and in age-matched men (233). This discovery led to monitoring of 
both TRAIL and estradiol levels in women, demonstrating inverse correlation between 
TRAIL and estradiol levels in the sera. TRAIL levels were the lowest in pregnant women, 
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p=0.01  *
r=-0.4
Figure 11. Circulating TRAIL levels in AGCT patients were decreased in larger tumors. Serum 
TRAIL levels significantly differed between tumors < 10 cm in diameter and tumors ³ 10 cm in 
diameter (A). Serum TRAIL levels correlated negatively to tumor diameter (B). 
 






significantly higher. This was also supported by in vitro studies demonstrating 
downregulation of TRAIL production by estradiol (233). 
 
As AGCTs are known to produce estradiol, we investigated the potential effect of serum 
estradiol on TRAIL levels. In our AGCT cohort, circulating TRAIL concentrations 
associated negatively with serum estradiol levels (Spearman´s Rho -0.32, p=0.05), whereas 
no correlations were found between TRAIL and patient´s menopausal status, FSH or LH 
levels. Regarding estradiol levels, positive correlation to tumor size was also noted (r=0.41, 
p=0.01). Furthermore, tumor size was associated to FSH (p<0.0001) and LH (p<0.0001) 
levels and menopausal status (p=0.01). 
2.4 Tumor size correlates negatively to circulating TRAIL concentrations 
According to univariate analyses, tumor size and estradiol levels affected TRAIL levels 
whereas tumor size was further associated with menopausal status and hormonal factors. To 
clarify the significance of independent factors influencing circulating TRAIL levels, a 
multivariate analysis was conducted. According to this analysis, tumor size was the only 
factor independently affecting circulating TRAIL levels (p<0.001). Altogether, increased 
estradiol levels are a consequence of increased tumor size and do not directly regulate 
TRAIL in AGCT patients. Our results suggest thattumor stroma and infiltrating blood and 
immune cells may contribute to TRAIL levels in the circulation. In larger tumors the 
significance of stromal TRAIL production is decreased, leading to decreased apoptosis in 
tumor cells expressing TRAIL receptors. Regulatory mechanisms thus seem to decline in 
the course of AGCT growth. 
2.5 Therapeutic potential of TRAIL 
TRAIL is able to induce apoptosis mainly in malignant cells, and therefore it has emerged 
as a promising therapy for various tumor types. Both soluble TRAIL and antibodies against 
TRAIL receptors, especially TRAIL-R2 specific agonistic antibodies, have shown 
antiproliferative effects both in vitro and in vivo (reviewed in (237)). Moreover, TRAIL has 
been shown to act as an effector molecule in immunotherapy (238). In clinical trials, TRAIL 
agonists have been tested as a monotherapy in hematological malignancies, non-small cell 
lung cancer and colorectal cancer (239-241). However, the efficacy of this therapy has been 
disappointing: even though TRAIL-R agonists have been well tolerated, their anticancer 
properties in patients have been very modest, and many TRAIL targeted therapies have been 
dropped out from clinical development. There are a few identified problems in TRAIL based 
targeting. Even though most cell lines have been sensitive to TRAIL, many primary tumor 
cells have appeared either partially or completely resistant to TRAIL monotherapy. As the 
potential hepatotoxicity of TRAIL was worrisome, the first regimensi tested have had only 
suboptimal agonistic potency, thus possibly explaining the limited clinical efficacy. Another 
important issue has been the lack of predictive biomarkers in TRAIL treated patients. There 






have also been shortcomings in stability and bioavailability of TRAIL targeting compounds 
(reviewed in (237)). Moreover, it has been demonstrated that TRAIL itself may also have 
pro-tumorigenic effects such as activation of certain tumor promoting signalling pathways 
(242, 243).  
 
Recently, there have been significant advances also in development of TRAIL targeted 
therapies. Stability and pharmacokinetic properties of recombinant TRAIL have been 
improved (244). A couple of recent studies found that the combination therapy of soluble 
TRAIL and TRAIL-R2-specific antibody had high efficacy and with this treatment some 
previously resistant cell lines were sensitized to TRAIL (245, 246). TRAIL has also been 
demonstrated to have a role in reversing multidrug resistance (247). Furthermore, co-
targeting tumor immune system has been proposed to enhance efficacy of TRAIL targeting 
treatments (234, 248, 249). 
 
Concerning AGCTs, a phase I study assessing TRAIL-R2 receptor agonistic antibody 
reported clinical response including 23% reduction in tumor size in a patient with advanced 
AGCT (239). Even though the response is modest, it can be regarded as promising, while 
more potent TRAIL targeting compounds are being developed. Recent studies report 
increased TRAIL efficacy when combinated with cisplatin or other traditional therapeutics 
(250, 251). Also in AGCT cells the efficacy of TRAIL has been shown to be increased by 
cisplatin (232). We thus suggest that TRAIL targeted therapies should be clinically tested 
in combination with traditional chemotherapeutics or other targeted treatments. 
  






3 Characterization of FSH and E2 signaling in AGCTs (III) 
AGCTs are described as hormonally active tumors, due to their ability to secrete hormones 
such as estradiol and inhibins (32, 36). These tumors have also been reported to express 
hormonal receptors, however this has only been studied in small patient cohorts (175, 178, 
252-254). To date, hormone therapies have been used in the treatment of relapsed AGCTs, 
even though the scientific basis for this is lacking. It is of major clinical significance whether 
hormones, especially estrogens, promote tumorigenesis of AGCTs. We used our large 
FOXL2 mutation validated data set to study the expression levels of hormone receptors and 
aromatase enzyme and to investigate whether these factors have any prognostic role in 
AGCTs. We also examined the effects of hormonal stimulations on primary cultured AGCT 
cells and KGN cell line. 
3.1 Primary and recurrent AGCTs show distinct transcriptional profiles 
First, we performed RNA sequencing of ten AGCTs (six primary and four recurrent tumors). 
Altogether 1091 genes were differentially expressed between primary and recurrent tumors. 
Only six of these genes were involved in estrogen signaling: three adenylate cyclase genes 
contributing to formation of cAMP in response to G-protein signaling, and CREB3L1, 
encoding for cAMP responsive element, showing higher expression in primary tumors 
compared with recurrent tumors (Figure 12). However, when analyzing the hormonal 
pathway genes (KEGG estrogen signaling hsa04915) using unsupervised hierarchical 
















3.2 FSHR is widely expressed in AGCTs, whereas CYP19A1 is detectable only in 
subset of AGCTs 
Expression levels of hormone receptors and aromatase enzyme (CYP19A1) were studied 
first by RNA seq in above mentioned ten tumors and these findings were further validated 
by using our newly constructed tumor tissue microarray. TMA consisted of 175 AGCTs, all 
verified positive for FOXL2 mutation (Table 2 in Mat & Met section).  
 
Figure 12. Transcriptional profiling of six primary and four recurrent AGCTs. Heatmap 
showing the expression levels of differentially expressed estrogen signaling genes between 
primary and recurrent samples (upper part). Genes with statistically significant differential 
expression (p<0.05, FDR<0.25) are marked with an asterisk. Lower part of the heatmap 
presents scaled expression levels of key hormonal signaling genes in primary and recurrent 
AGCTs. 
 






According to the RNA seq data, FSHR was robustly expressed in all AGCTs showing 
only little variation between individual tumors (Fig 12). In the TMA, FSHR mRNA was 
detected in majority (90%) of AGCTs and the signal was strong or moderate in 60% of the 
tumors (Figure 13A and Table 5). FSHR expression was lower in tumors with high mitotic 
activity (p=0.01), but the expression did not correlate with other clinical parameters such as 
tumor size, stage, or risk of recurrence. Our results thus confirm the robust expression of 
FSHR in AGCTs.  
 
FSH has long been proposed to have a role in AGCT pathogenesis (169, 255). The gene 
expression profile of AGCT has been demonstrated to be similar to FSH-stimulated 
granulosa cells and FSHR has earlier been detected in minor AGCT cohorts (169). Now, 
for the first time the expression was confirmed in a large cohort. FSHR belongs to the group 
of G-proteins, which have shown to harbor oncogenic mutations in other endocrine tumors 
(256). Fuller et al investigated 15 AGCTs for potential activating mutations on FSHR genes 
but could not detect any mutations or polymorphisms (257). There is strong evidence 
existing that FSHR is functional in this tumor type, as genes responding to FSH stimulation 
(including protein kinase A and cyclin D2) have been shown to be highly expressed in 
AGCT (169). On the contrary, expression of LHR, another gonadotropin receptor, is low in 
AGCTs. 
 
As AGCTs are known for their ability to produce estrogen, we hypothesized aromatase 
expression to be high in AGCTs. Surprisingly, CYP19A1 expression varied markedly 
among the tumors, the scale varying between -0.07-9.85 Log2tpm (Fig 12). In the TMA, 
CYP19A1 immunoreactivity was detected in less than half (48%) of the tumors, and only 
17% showed moderate or strong staining (Figure 13C, Table 5). Next, the expression of 
CYP19A1 was assessed at mRNA level in the TMA (Figure 13B, Table 5). The RNA in situ 
hybridization revealed that only 15% of the tumor specimens are positive for CYP19A1. 
Thus, the expression levels were significantly lower than in earlier reports  (171, 172).  
Especially the number of AGCTs expressing CYP19A1 mRNA was unexpectedly low and 
may partly be explained by to the short half-life of CYP19A1 mRNA (258). Nevertheless, 
CYP19A1 mRNA expression correlated significantly with the moderate/high CYP19A1 
protein expression (p<0.0001). CYP19A1 may require constitutive FSH stimulation, which 
is suppressed in AGCT patients through negative feedback of the pituitary by tumor-derived 
inhibin B. Additionally, another factor secreted by AGCTs, AMH, has been shown to 
attenuate FSH-mediated stimulation of CYP19A1 expression (259). Thus, AGCTs seem to 






















3.3 ERb  expression is stronger in recurrent tumors 
We then elucidated the expressions of two nuclear estrogen receptors ERa and ERb, and of 
membranous receptor GPER1. Of the estrogen receptors, ESR2 was the most highly 
expressed (range 5.75-7.15 Log2tpm), whereas GPER1 expression levels were generally 
low at the mRNA level (range 0.20-2.84 Log2tpm). 
 
The protein staining patterns of ERa and ERb were studied in the TMA. Even though 
ERa and ERb are active in the nucleus, they can also be detected in the cytoplasmic 
compartments of cells. ERa immunoreactivity was observed in 32 % of the tumors, which 
is in line with previous results (175) (Figure 14A, Table 6). In the ERa-positive tumors, the 
staining pattern was nuclear in 59 % and cytoplasmic in 48 % of the tumors. ERb protein 
was detected in 93% (Figure 14B, Table 6) and localized merely to the nuclei. The staining 
intensity was classified as moderate or strong in 67 % of the tumors. GPER1 mRNA 
expression was detected only in 14 % of the TMA tumors by RNA in situ hybridization 
(Figure 14C, Table 6). 
 
 
Marker Negative n (%) Weak n (%) Intermed n (%) High n (%) 
FSHR n=165a 17  (10) 49 (30) 81 (49) 18 (11) 
CYP19A1 n=167a 142 (85) 13 (8) 12 (7) 0  
CYP19A1 n=156b 81 (52) 49 (31) 17 (11) 9 (6) 
 
Figure 13. FSHR and CYP19A1 expression in AGCT TMA, assessed by RNA in situ hybridization 
(A,B). CYP19A1 protein expression was assessed be immunohistochemistry. Representative images 
of high (1,3) and intermediate (2) staining patterns in AGCTs. Magnifications 160 x (A,B) and 100 
x (C) and scale bars 20µm (A,B) and 10 µm (C). Arrows indicate positively stained cells.   
 
Table 5. Marker distributions for FSHR and CYP19A1 in TMA. a = RNA in situ hybridization and b= 
IHC. 
 






















Interestingly, ERb expression levels were significantly higher in recurrent AGCTs when 
compared to primary tumors (p=0.001). Furthermore, paired analysis of primary and 
recurrent samples from same patients demonstrated a significantly stronger ERb 
immunoreactivity in the recurrent tumor (p = 0.0013) compared to patient´s primary tumor 
(Figure 15). A similar pattern between primary and recurrent samples was noted for GPER1 
mRNA expression, although the levels of expression were low. The expression levels of 
ERa in recurrent samples did not differ from that of primary samples. Interestingly, 
CYP19A1 expression in AGCTs correlated positively to ERa protein expression (p=0.009). 
This may suggest a functional role for ERa  in a subset of AGCTs. Nevertheless, none of 
the estrogen receptors had prognostic significance in terms of disease-free or overall 
survival, nor was there any correlation between estrogen receptor status and tumor size, 




Marker Negative n (%) Weak n (%) Intermed n (%) High n (%) 
ERa (n=165)a 113 (68) 19 (12) 33 (20) 0 
ERb (n=152)a 9 (6) 40 (26) 40 (26) 63 (41) 
GPER1 (n=161)b 139 (86) 22 (14) 0  0  
 
Figure 14. Expressions for estrogen receptors in TMA. High immunohistochemical staining pattern 
of ERa and ERb (A,B) and weak RNA in situ staining pattern of GPER (C). Magnifications 100 x 
(A,B) and 160 x (C) and scale bars 10µm (A,B) and 20 µm (C). Arrows indicate positively stained 
cells. 
 
Table 6. Marker distributions for estrogen receptors in TMA. a = IHC, b= in situ hybridization. 
Regarding ERa immunostaining, both nuclear and cytoplasmic staining were detected. 
 














Our results are in line with earlier reports confirming that ERb is the predominant 
estrogen receptor in AGCT (175, 178, 254). The stronger intensity in recurrent tumors 
suggests a role for ERb in AGCT pathogenesis. The expression level for ERa has been 
consistent in several studies. However, levels of GPER1 expression were markedly lower 
than in earlier reports, questioning the specificity of antibodies used in earlier studies (113, 
181). 
3.4 FSH levels are low in AGCT patient sera 
In addition to determination of tissue expression of hormone receptors, we assessed the 
hormone levels in patient sera. The peak incidence of AGCTs is during menopause, at a 
time when FSH levels physiologically increase. However, FSH levels in AGCT patients are 
usually low, even in the postmenopausal patients. This is thought to be caused by regulation 
of pituitary secreted FSH by tumor-derived hormones such as E2 and inhibin B.  
 
Here, we analyzed FSH, E2, and inhibin B levels in 51 preoperative serum samples. FSH 
levels were averagely low in AGCT patients, with median levels of 1.55 IU/l (range 0.05-
15.3 IU/l) and 6.6 IU/l (range 0.1-60.3 IU/l) in premenopausal and postmenopausal patients, 
respectively. For E2 the median level was 0.125 nmol/l (range 0.01-0.48 nmol/l) in 
premenopausal patients and 0.15 nmol/l (range 0.04-1.05 nmol/l) in postmenopausal 
patients. FSH serum concentrations correlated negatively to inhibin B levels (Spearman´s 
rho -0.75, p<0.0001), demonstrating the suppression of pituitary FSH secretion by tumor 
derived inhibin B. Serum E2 levels above normal reference limits used in our hospital 
laboratory (2.38 nmol/l for premenopausal and 0.1 nmol/l for postmenopausal patients) 
were seen in 60% of AGCT patients, which is in line with previous data reporting estrogenic 
activity in approximately 70% of AGCTs (171, 177).  
Figure 15. ERb protein levels are increased in recurrent AGCTs compared with primary tumors. 
Paired analysis of the expression of estrogen receptor ERb in 16 patients with both primary and 
recurrent tumor samples in the TMA. On the y-axis intensity of ERb is presented, 0=negative and 
4=strongest intensity. 
 






3.5 FSH increases E2 production in AGCT cells in vitro 
To assess the functional effects of FSH in AGCTs, we stimulated AGCT cells with human 
recombinant FSH for 96 hours. Stimulation with FSH resulted in increased mRNA 
expression levels of CYP19A1 in primary patient-derived AGCT cells and an increased 
secretion of E2 into the culture medium (Figure 16B). This was also seen in the KGN cell 
line. Also the FSH stimulated mRNA expression levels of all estrogen receptors (ESR1, 
ESR2 and GPER1) were increased in AGCT cells. Interestingly, FSH stimulation increased 
cell number in three of six AGCT primary cell cultures by 26 to 43 %, however this was not 
seen in KGN cell line (Figure 16C).  
 
Our results indicate active FSH signaling in AGCT cells, leading to increased estrogen 
production. We were also able to show that stimulation with FSH increases the viable cell 
number in AGCT cultures. On the other hand, AGCT seems to maintain its ability to restrict 
its own growth: by secreting inhibin B, it regulates tumor promoting signals by FSH. 
Furthermore, low FSH levels in AGCT patients support the idea of FSH independent growth 
of AGCTs. Although some studies and case reports have linked infertility treatments with 
gonadotropin stimulations to AGCTs, there is evidence showing that AGCT risk is not 
increased in this patient group (260). In conclusion, even though FSH may have a 
stimulatory effect on AGCT cells, it cannot be regarded as a pivotal driver of AGCT 
pathogenesis.   
3.6 E2 increases AGCT cell viability only at high concentrations  
Estradiol is considered to have mitogenic potential in many cancer subtypes and for example  
hormonal treatment in breast cancer relies mostly to estrogen inhibiting effects (261). 
However, in previously published studies with KGN cell line, estradiol has not been able to 
promote AGCT growth (175, 177). One study even reported diminished metastasizing 
properties in KGN cells after E2 stimulation (181), a result which was not confirmed by 
others (175). 
 
For the first time, we studied the effects of E2 in primary AGCT cultures. We could not 
detect any significant change in cell viability after E2 stimulation at 10-100 nM 
concentrations (Figure 16A). We thus confirmed the earlier findings with KGN cell line. 
However, by using the highest concentration of E2 (1000 nM), increased cell number was 
seen in four out of the six studied tumor cell cultures, on average by 36 % (range 23-57%) 
(Figure 16A). High estradiol concentrations up to 1000 nM were detected from AGCT cell 
culture supernatants after FSH stimulation (Figure 16B), indicating that high local E2 
concentrations can exist in AGCTs. In the clinical setting, these locally high E2 
concentrations could appear for example during the perimenopause when circulating FSH 
levels are high, consistent with the typical onset of AGCTs. However, physiological 
circulating E2 levels do not seem to affect AGCT growth. This negligible response to E2 is 
also in line with our earlier results, in which postmenopausal hormone therapy was not 






shown to affect AGCT-related survival or tumor recurrence (8). This supports the idea that 
estrogen replacement therapy may be considered in AGCT patients with severe 
postmenopausal symptoms. Nevertheless, no randomized studies on this subject exist. 
 
In other hormone-related malignancies, such as breast and prostate cancer, ERa is 
considered tumorigenic whereas ERb mostly functions as a tumor suppressor by blocking 
the proliferation and inducing apoptosis (262-264). Considering that ERb  is the dominant 
estrogen receptor in AGCTs and considering that E2 had no significant stimulatory effect 
at physiological concentrations in AGCT cells, our results support a similar role in AGCTs. 
A recent study proposed that in addition to normal ERb, AGCTs also express two different 
splice variants ERb2 and ERb5, of which ERb2 was capable of inhibiting AGCT apoptosis 
(265, 266). Here we only assessed the AGCT immunoreactivity to wild type ERb and thus 
cannot evaluate the influence of splice variants to estrogenic actions. Increased ERb 
expression in recurrent tumors suggests the significance of ERb in this unique slow growing 
tumor type, but the specific effect of ERb in tumor progression awaits further evidence.  
3.7 Aromatase inhibition with letrozole suppresses E2 production in AGCT cells but 
does not affect cell viability 
As CYP19A1 inhibitors have been used in AGCT treatment, we studied their effects in 
AGCT cell models. Cells were treated with CYP19A1 inhibitor letrozole and testosterone 
was provided as a substrate. Testosterone significantly stimulated E2 production in primary 
AGCT and KGN cells, and as expected, this effect was enhanced by FSH (Figure 16B). 
After letrozole treatment, E2 production in the cell cultures was completely suppressed, but 
no effect on cell viability in either primary AGCT or KGN cells was seen (Figure 16C).  






Figure 16. A. Estradiol increased AGCT cell viability only at markedly high concentration (1000 
nM). Cell viability was measured after stimulation with E2 (0-1000 nM) for 96 hours. B. Letrozole 
blocked E2 production in AGCT cells, E2 concentrations were measured from cell culture 
supernatants after 96 hour treatment with letrozole. C. Testosterone increased the cell number in 
AGCTs. Even though letrozole inhibited E2 production, it did not affect cell viability in AGCTs. 
All the columns depicted in A-C show responses of one representative tumor. 







In conclusion, estradiol increased AGCT cell viability only at high concentrations. These 
concentrations are extremely higher than circulating E2 levels, but reflect the paracrine 
conditions in AGCT tissue. However, our results regarding negligible effect of letrozole in 
AGCT do not support the concept of aromatase inhibition in AGCT therapy. Surprisingly, 
we noted that the cell number was increased after testosterone stimulation, raising questions 
on the role of androgens in AGCT. This issue has not been addressed earlier on functional 
level. In normal granulosa cells there is contradictory data on the effects of testosterone on 
cell proliferation and apoptosis (267-269) Androgen receptors have been verified to be 
expressed in AGCTs implying to an androgenic reactivity of these cells (175, 179, 180).  
 
In the current literature there are multiple case reports on positive responses to hormonal 
treatments and among these therapies aromatase inhibitors have been the most promising 
(66). Nevertheless, case reports are known to have a publication bias as negative responses 
are usually not reported.  So far the only published study using objective RECIST criteria 
in AGCTs showed only modest efficacy for anti-hormone compounds: the response rate for 
all anti-hormone treatments was only 18%, of which none was seen after aromatase inhibitor 
(AI) treatment (73). However, seven out of ten patients using AIs had stable disease for up 
to 14 months of AI use. Considering the slow growth type of AGCT, stable disease may not 
be a response to a medication but the natural course of the disease. It is certainly possible, 
that the response would be better, if aromatase inhibitors would be used earlier in disease 
course.  
 
Due to the complexity of hormonal homeostasis, hormonal effects are particularly 
challenging to study in cell models. Here we could only assess the direct effects of FSH and 
estradiol in AGCT cells, as imitating the in vivo hormonal regulation was not possible. This 
is a natural limitation of the study. Moreover, due to our small sample size, we cannot 
exclude that a subset of AGCT patients could gain benefit on aromatase inhibitors. It is also 
notable that these drugs are usually well tolerated and easily accessed. In light of our results, 
anti-hormone treatments suppressing both estradiol and testosterone concentrations could 
be more efficient in AGCT treatment. Nevertheless, more studies on androgen 
responsiveness of AGCTs are required. Finally, prospective clinical studies are needed to 
determine the effectiveness of hormonal therapies in AGCT.  
 
  






4. Drug sensitivity and resistance testing of AGCTs (IV) 
Targeted therapies are usually discovered by studying the pathogenetic mechanisms of the 
disease in question, and thus identifying potential drug targets. To complement this 
approach, we used comprehensive screening of primary cultured AGCT cells with a large 
panel of oncologic compounds to identify novel potential drugs for treating AGCT. In 









Figure 17. Schematic illustration of drug sensitivity and resistance testing combined with molecular 
profiling of the tumors. A. Cell models used in drug sensitivity and resistance testing (DSRT). B. 
Classification of used drugs. C. Responses were quantified by a drug sensitivity score (DSS). D. 
Responses were visualized in a heat map. E. Molecular fingerprints of tumors were analyzed by RNA 
seq and expression of selected drug targets was studied by immunostaining. 






4.1 AGCT profiles for drug responses and gene expression are consistent 
In this study, we tested the drug responses using primary cell cultures derived from the 
tumors of seven AGCT patients: three primary and four recurrent tumors. Furthermore, we 
tested the responses of two GCT cell lines: KGN representing AGCT known to harbour the 
pathognomonic FOXL2 402C>G(C134W) mutation, and COV434, derived from a juvenile 
GCT that lacks the mutation and endogenous FOXL2 expression. For controls, we used 
normal human granulosa luteal (hGL) cells collected and isolated from patients undergoing 
IVF treatment, and normal bone marrow mononuclear (BM) cells from healthy donors.  
 
The drug panel consisted of 230 compounds including both traditional 
chemotherapeutics, approved targeted drugs and investigational regimens. We assayed the 
drug responses using a cell viability assay. To quantify the drug response profiles, we 
calculated the drug sensitivity score (DSS), which allowed the comparison of drug 
responses between different tumors and between different compounds (218). The 
mathematical algorithm for DSS has been developed specifically for drug sensitivity and 
resistance testing (DSRT) and it is considered more specific than commonly used IC50 
values.  
 
The DSS values between the AGCT samples were relatively consistent (Spearman’s 
correlation r=0.55-0.79), and the average AGCT response profile correlated highly with the 
KGN profile (r=0.83). The correlations with the COV434 cell line and hGL were a little 
weaker (r=0.74 and r=0.68, respectively). The gene expression profiles between the AGCT 
samples and the KGN cells were also highly concordant. The gene expression profiles of 
the AGCT samples correlated with each other (r= 0.92-0.96) while the average AGCT gene 
profile correlated with KGN (r=0.84).  
 
The similar drug responses between AGCTs were not surprising, as earlier studies have 
shown only limited molecular variation between individual tumors (44, 270). Common 
oncogenic driver mutations leading to formation of genetically diverse cell clones are not 
common in this tumor type. Also the relatively high similarity of drug response profile with 
the hGL cells was expected, as AGCTs have been shown to resemble normal proliferating 
granulosa cells of preovulatory follicles (reviewed in (271)). Our results also confirm the 
usefulness of KGN cells as a feasible cell model for AGCT when primary tumor cells are 
not available. 
4.2 AGCT cells exhibit selective sensitivity to tyrosine kinase inhibitor dasatinib  
We next analysed the selectivity of drug responses in relation to control cell models. 
Selective drug sensitivity scores were first assessed by using hGL cells as a reference. 
Altogether 14 compounds were recognized as highly AGCT sensitive, with the mean sDSS 
value exceeding 5 in the studied tumors (Figure 18A). This group of sensitive drugs included 
several traditional chemotherapeutics such as docetaxel and paclitaxel. However, the most 






sensitive targeted compound was multi-tyrosine kinase inhibitor dasatinib (mean 
sDSS=11.3, range 7.4-15.0). Survivin inhibitor YM155 and CHK1-inhibitor PF477736 also 
showed selective response over the hGL cells (mean sDSS 8.5 and 5.5, respectively). In 











Also, when selectivity was assessed against bone marrow mononuclear cells, dasatinib 
appeared selective with a mean sDSS of 10.2 (Figure 19). Survivin inhibitor YM155 
exhibited the highest sensitivity in this comparison (sDSS 18.1). Multiple PI3K/mTOR 
inhibitors and heat shock protein 90 inhibitors were also represented among the selective 
regimen. Finally, the responses were evaluated against a collection of 68 cell lines from 
solid cancers (including breast, ovarian, lung and pancreatic cancers). Even in this 
comparison dasatinib and YM155 were among the most selective compounds, underlining 

































































































































































































Figure 18. A. Average drug sensitivity score (DSS) values of seven AGCT samples were compared 
with the DSS values of human granulosa luteal (hGL) cells. Multiple traditional chemotherapeutics 
were represented. Multi-tyrosine kinase inhibitor dasatinib appeared as a most selective targeted 
compound. B. Drug responses of each AGCT sample were visualized in a heatmap plot. Red box 
exhibits high selectivity whereas blue box exhibits higher DSS value in the control sample. 
 














In the DSRT analysis control cells play a crucial role as the aim is to discover compounds 
that are selectively efficient in tumor cells.  It is notable that when selectivity was assessed 
against hGL cells, several antimitotic compounds and topoisomerase inhibitors showed 
efficacy. This is most likely due to the limited ability of hGL cells to divide in vitro 
compared to primary cultured AGCT cells. Certainly there are also limitations with the other 
control cell model used in the study (bone marrow mononuclear cells), as they are very 
distinct by their growth type and molecular background in comparison to AGCT cells. 
However, the different control cells including the collection of 68 cell lines complement 
each other and emphasize the selectivity of dasatinib in AGCTs. 
4.3 Dasatinib targets are widely expressed in AGCTs 
As dasatinib showed effectiveness in reducing AGCT cell viability, we aimed to examine 
the molecular background behind this response. Dasatinib has originally been developed for 
targeting ABL and SRC proteins, however it also inhibits a variety of other tyrosine kinases 
including PDGFR a and b, c-Kit and ephrin receptors (reviewed in (272)).  We performed 
total RNA sequencing of five AGCT samples, and did not find codon-changing or protein-
truncating variants in dasatinib target genes. PDGFR a and b, c-KIT, SRC family member 
FYN and some ephrin receptors (EPHA5 and EPHB3) were expressed at higher levels in 
AGCT compared to hGL cells. (Figure 20). High expressions for SRC, PDGFR and EPHA5 





























































































































Figure 19. Average drug sensitivity score (DSS) values of seven AGCT samples were compared 
with the DSS values of bone marrow mononuclear cells. Among selective compounds there were 
multiple mTOR inhibitors (grey box) and HSP90 inhibors (orange box). Tyrosine kinase inhibitor 
dasatinib appeared among the selective compounds. 
 














A case report describes a response to multi-tyrosine kinase inhibitor imatinib in recurrent 
AGCT (196). On this basis, effects of various tyrosine kinase inhibitors (TKIs) have earlier 
been studied in KGN cells (273, 274) resulting in negligible effects of compounds targeting 
primarily PDGFR and KIT. Also in our study, apart from dasatinib, tested PDGFR and KIT 
inhibitors were not effective, suggesting these kinases may not act as primary mediators of 
dasatinib response in AGCTs. Many SRC family members are widely expressed in AGCTs 
and we also noted response for another SRC inhibitor saracatinib in a subset of AGCTs 
(sDSS 5.7 and 7.8). Earlier, SRC has been shown to have a role in various endocrine cancers.  
It has been reported to promote progression of breast and prostate cancer and it has been  
associated to both estrogen and androgen receptor activation (275-278). Besides SRC family 
members, the role of ephrin receptors in AGCTs is of interest. The expression levels for 
several members of ephrin receptor family have been shown to be increased by FSH in 
normal granulosa cells, and ephrin signaling has been reported to affect morphology and 
adhesion of these cells (279). However, further studies are needed to examine the role of 
ephrin receptors in AGCTs. 
 
Due to the selective efficacy of several mTOR inhibitors against the BM control, we 
also studied the mutation status and expression levels for the members of PI3K/mTOR 
signaling pathway. No clinically relevant mutations were detected and even the expression 
levels between AGCTs and hGL cells were very similar. Immunostaining confirmed high 
expression of PI3K and mTOR in both AGCTs and normal granulosa luteal cells. The 
PI3K/Akt/mTOR pathway has proven crucial in promoting growth and differentiation of 
granulosa cells, and our results showing robust expression of pathway components support 

































































Figure 20. Several targets of dasatinib are expressed in AGCTs. The average mRNA expression 
levels of five AGCT samples are shown. The average mRNA expression of 3 pooled hGL cell 
samples were used as control. FPKM (fragments per kilobase of exon per million) values are 
represented in log2 scale. Red bars implicate the AGCT samples and blue bars hGL samples. 
 






collected from patients undergoing IVF treatment and are thus hormonally primed. As 
PI3K/mTOR pathway is known to be regulated by FSH, it is possible that the high mRNA 
expressions seen in hGL cells are partly due to stimulating effect of FSH. In a previous 
study activation of PI3K/mTOR signaling was reported in AGCTs (280, 281) and there is 
also earlier evidence on mTOR inhibition in reduction of AGCT growth (282). Our results 
support this evidence for mTOR inhibition in AGCTs. 
 
Except for the known FOXL2 (C134W) mutation present in all tested samples, RNA-
sequencing did not reveal mutations in either AGCT associated genes or in known 
oncogenes. This is in line with earlier studies reporting a low level of mutations in AGCTs 
(44, 270).  
4.4 Dasatinib or PI3K/mTOR inhibitors exhibit synergy when combined with 
paclitaxel 
As dasatinib was selective against all tested control cells, we evaluated its efficacy in 
combination with paclitaxel, a traditional chemotherapeutic. For this experiment, we used 
both KGN and COV434 cell lines. Interestingly, combination of dasatinib and paclitaxel 
resulted in synergistic inhibition of cell viability in the FOXL2 mutation positive KGN cells 
(Figure 21) but in FOXL2-negative COV434 cells this was not seen. The synergistic effect 
was detected already at low concentrations: 1-10 nM for dasatinib and 3-30 nM for 
paclitaxel. In addition to dasatinib, also mTOR inhibitor everolimus showed synergy in 














































Figure 21. Synergistic effect of dasatinib and paclitaxel in KGN cell line. The color is scaled in 
red (synergistic, d-score > 1), white (50% inhibition) and green antagonistic, d-score < 1). 






In this unbiased drug screen, we identified an approved oncologic drug as effective in 
reducing AGCT cell viability. Dasatinib is currently used in the treatment of chronic 
myeloid leukemia, where its efficacy is mostly conveyed through inhibition of the BCR-
ABL oncoprotein (283). However, dasatinib also targets a variety of other kinases and 
multiple clinical trials are currently evaluating its efficacy in solid cancers. Hitherto, 
successful responses for dasatinib in combination with chemotherapeutics have been 
reported for example in prostate and ovarian cancers (284, 285). In previous in vitro studies, 
dasatinib was shown to enhance the antitumor efficacy of paclitaxel by down-regulating Src 
phosphorylation (286). The adverse side-effects related to dasatinib have appeared tolerable, 
although infrequent complications such as pulmonary hypertension have been restricting its 
use in some patients (287). It is notable, that synergistic activity in combination treatments 
enables the use of lower drug concentrations than in single treatments. Combination of 
dasatinib and paclitaxel seems thus clinically feasible and is suggested for further clinical 
testing in AGCTs.  
 
Survivin inhibitor YM155 showed also high selective efficacy on AGCTs. Survivin is 
expressed in a multitude of cancers and is also described as antiapoptotic molecule in normal 
granulosa cells (148, 149). In KGN cells, survivin inhibition was recently shown to enhance 
apoptosis induced by TRAIL (288). Unfortunately, the clinical efficacy of YM155 is poor 
and for the present no approved survivin inhibitors exist. However, survivin has lately been 
considered as a target for immunotherapy, and is currently evaluated as an antigen in 
vaccine-induced anti-cancer immune responses (289).  
 
In addition to these potentially effective drugs, several compounds showed no efficacy 
in the drug screen. This was notable concerning the anti-hormone compounds, including the 
aromatase inhibitors, which are currently used in AGCT treatment. Also compounds 
targeting epidermal growth factor, earlier implied as possible AGCT therapeutics, showed 
no efficacy in this screen.  
4.5 DSRT as a useful tool in drug repurposing  
The DSRT approach was originally utilized in hematological malignancies, showing diverse 
responses among individual patients which were related to combined with distinct genomic 
features in the tested samples (215). Now we applied the approach to a very distinct solid 
tumor type exhibiting only low intertumoral and intratumoral variation.  Considering the 
growth type and genomic stability of AGCTs, the consistency between drug responses was 
not surprising, even though our samples included both primary and recurrent tumors.  
 
A crucial obstacle in developing AGCT treatments is the rarity of the tumor, which limits 
opportunities for clinical trials. Recruitment of trial participants is prolonged and 
considering the slow growth pattern of tumor, follow-up times in trials should be long 
enough to assess the efficacies of the tested regimen. Another recognized problem with 
AGCT is the lack of suitable in vivo animal models. Several transgenic mouse models have 






been generated, including knockouts for inhibin a -gene and Smad1/5s (290, 291). 
Nevertheless, all these mouse models have had serious limitations and above all, none of 
them has exhibited the mutated Foxl2. This lack of appropriate animal model further 
highlights the significance of other preclinical approaches to test new therapies for AGCTs. 
By using high throughput screening methods, putatively effective compounds can be 
identified and selected to further clinical testing. This method is especially valuable in rare 















Conclusions and future prospects 
This study aimed to develop the treatment of AGCTs by utilizing a vast collection of tissue 
and serum samples from AGCT patients with an extensive follow-up data. As the efficacy 
of the present chemotherapy in AGCT is only modest, new treatments for advanced and 
recurrent disease are urgently needed. Due to the rarity of AGCT, randomized clinical trials 
are challenging to organize. This underlines the significance of preclinical studies in 
evaluating compounds that could be further clinically tested.  
 
Optimally performed surgery is crucial for the prognosis, and thus AGCTs should be 
recognized preoperatively. Our results show that commonly used epithelial serum marker 
HE4 has no role in AGCT diagnostics and emphasize that normal CA125 and HE4 levels 
do not rule out a malignant ovarian tumor. Thus, in case of unknown ovarian masses 
especially with cystic-solid appearance and clinical symptoms potentially linked to AGCT, 
measuring inhibin B is strongly recommended. In premenopausal patients, combined 
inhibin B and AMH measurement is beneficial.    
 
In this study we found out that TRAIL tissue expression was reduced in large AGCTs. 
Furthermore, TRAIL levels in serum samples of these patients correlated negatively with 
tumor size, as patients with larger tumors had lower serum TRAIL levels. Considering the 
previous studies showing the ability of TRAIL to induce apoptosis in AGCT cells, our 
present findings support further studies on TRAIL as a targeted treatment for AGCTs. 
Interestingly, in a recent study inhibition of survivin, an anti-apoptotic protein,  was shown 
to enhance the efficacy of TRAIL in KGN cells (288). Also in our high throughput drug 
screening of primary AGCT cells, survivin inhibitor YM155 selectively inhibited AGCT 
cell viability. These results encourage future studies of combination of TRAIL and other 
apoptosis enhancing compounds including survivin inhibition in AGCT treatment.  
  
The role of hormonal factors in AGCT pathogenesis is intriguing. We characterized the 
hormonal milieu of AGCTs, yet more research is needed to define the exact roles of various 
hormone receptors in AGCT. This was the first time when FSH was shown to increase 
AGCT cell viability. We also reported the negligible effect of E2 stimulation in AGCT cells. 
We conclude that FSH seems to contribute to AGCT growth, however it does not seem to 
be the crucial driver in AGCT pathogenesis. AGCTs seem to maintain self-regulatory 
mechanisms even in recurrent tumors, including production of inhibin B and AMH by the 
tumor cells. This may in part be responsible for the indolent growth of the tumor. Based on 
our results, aromatase inhibitors do not inhibit AGCT cell growth. Due to our small sample 
size, we cannot exclude that some patients may benefit from aromatase inhibitors or other 
hormonal treatments. Further studies should assess the functional pathways of androgen 
action in AGCTs and study whether inhibiting both estrogen and androgen signalling would 
be more beneficial in AGCT treatment. Moreover, predictive biomarkers allowing the 
selection of patients gaining benefit from the hormonal treatments should be recognized.  
 






Based on drug sensitivity and resistance testing, we identified tyrosine kinase inhibitor 
dasatinib as a potential AGCT therapy. Sensitivity to dasatinib was observed in all tested 
AGCT samples, supporting its use in both primary and recurrent tumors. Interestingly, 
dasatinib showed synergy effect when combined with paclitaxel. We detected no mutations 
in dasatinib target genes, though most of these molecular targets were highly expressed in 
AGCTs. Future studies are needed to recognize the mechanisms behind dasatinib response 
and especially the roles of Src family proteins and ephrin receptors need further 
investigation. DSRT offers a useful platform to study drug responses in rare tumors like 
AGCT, however future studies should place more effort to develop a more advanced cell 
model for the drug testing. 3D-cell cultures would be more representative considering the 
effects of tumor microenvironment to drug responses. Also, it would be interesting to have 
an opportunity to test subsequent tumor samples from serial recurrences from a single 
patient. This could provide information on tumor evolution during the course of the disease. 
Nevertheless, the herein observed synergy between dasatinib and paclitaxel encourages 
clinical testing of this combination in AGCT patients. Considering the rarity of the tumor, 
international collaboration is crucial to ensure adequate numbers of patients in future 
















This study was carried out at the Department of Obstetrics and Gynecology, Helsinki 
University Hospital, and Children´s Hospital, University of Helsinki, between 2013 and 
2019. I wish to acknowledge those who provided me with excellent research facilities: 
Professor Juha Tapanainen, the Academic Head of the Department of Obstetrics and 
Gynecology, Professor Seppo Heinonen, the Administrative Head of the Women´s Hospital, 
Professor Markku Heikinheimo, former Head of the Institute of Clinical Medicine and 
Chairman of the Children´s Hospital, Adjunct Professor Jari Petäjä, Director of the 
Children´s Hospital, and Professor Taneli Raivio, the Head of Doctoral Programme in 
Clinical Research.   
 
I am grateful for the funded doctoral candidate position in the University of Helsinki for 
years 2015-2017, allowing me to have research periods out of clinical work. This study 
received financial support from the Finnish Medical Foundation, Biomedicum Helsinki 
Foundation, Finnish Society for Gynecological Surgery, Ida Montin Society, Orion 
Research Foundation, The Paulo Foundation and Cancer Foundation Finland. The research 
projects in this thesis have further been funded by the Academy of Finland, Sigrid Jusélius 
Foundation and the Granulosa Cell Tumor of the Ovary Foundation.  
 
I express my sincere gratitude to all AGCT patients who have volunteered to participate 
in this study. 
 
I thank the official reviewers, Professor Jarmo Jääskeläinen and Adjunct Professor 
Synnöve Staff for their valuable expertise, time and constructive comments on this thesis. 
The members of my thesis committee, Professor Aila Tiitinen and Professor Seija Grénman 
are thanked for their interest, advice and encouragement during this project.  
 
My most sincere gratitude is owed to my supervisor, Professor Markku Heikinheimo, for 
the continuous support on my doctoral path. Markku, I admire your expertise and wide 
perspective as a scientist and above all your human attitude to life.  You have the exceptional 
ability to take into account both scientific issues and people when doing research. Your 
advice and encouragement during these years have been invaluable.  
 
I am also immensely thankful to my other supervisor, PhD Anniina Färkkilä, for guiding 
me through this project. Anniina, you have always been willing to help me, at any time of 
the day. I admire your bright ideas, resilience and the ability to bring your ideas into life. I 
also appreciate your excellent co-operative skills as a researcher and your kindness as a true 
friend that you are.  
 
My deepest thanks go to PhD Noora Andersson, for being my real-life database of 
various lab experiments. You have patiently answered my never-ending questions regarding 
both technical issues and molecular biology in general. I am also very grateful to PhD 







practical issues. Both of you have had a crucial role in this thesis – thank you for all the 
help, encouragement and friendship during these years. 
 
This thesis work was made together with many outstanding collaborators and co-
authors. Adjunct Professor Mikko Anttonen is thanked for introducing me to this project and 
sharing his wide knowledge regarding GCT research. Adjunct Professors Leila Unkila-
Kallio and Arto Leminen are thanked for making the longtime foundations of AGCT studies. 
Doctors Annika Riska and Johanna Tapper have been vital in bringing the clinical 
perspective to these projects. Adjunct Professor Ralf Bützow, Professors Tero Aittokallio 
and Olli Carpén, Adjunct Professor Antti Perheentupa and Doctors Bhagwan Yadav, 
Marianne Hallamaa and Johanna Hynninen are thanked for the fruitful collaboration. 
Professor David B. Wilson is thanked for the collaboration and revising the language of this 
thesis. Ms Teija Karkkulainen is acknowledged for the excellent assistance. 
 
I want to thank numerous clinical colleagues who have guided me in my professional 
life. I´m still thankful to my former colleagues in South Karelia Central Hospital who 
inspired me to become a gynecologist. I have been taught and supported by many brilliant 
colleagues also during my residency in Kätilöopisto hospital and Women´s hospital. 
Professor Oskari Heikinheimo is thanked for showing interest in my research. I deeply thank 
Adjunct Professors Jari Sjöberg and Päivi Härkki for supporting me and providing me 
research leaves during the final steps of this project. I am also grateful to Adjunct Professor 
Mikko Loukovaara and all other gynecologic oncologists for introducing me to the clinical 
care of gynecologic cancer patients. I thank all the doctors and nurses in the Women´s 
Hospital who have helped in patient recruitment.  
 
I have had the priviledge to work in the Pediatric Research Center, surrounded with 
talented and delightful people. Marjut Pihlajoki, Noora Andersson, Tea Soini, Antti 
Kyrönlahti, Saara Bryk, Anja Schrade, Sanna Vattulainen-Collanus, Anu Kaskinen, Cecilia 
Janér, Katja Eloranta, Nimish Godbole, Sari Lindén and Tuike Helmiö - thank you all for 
your company during these years. We´ve laughed a lot in the lab, and your help and 
compassion have been crucial in the moments when things did not proceed so smoothly. 
 
My dear colleagues Heidi K, Liisu, Annu, Heidi S-S, Pekka and Karo are thanked for the 
hilarious dinners, peer support and friendship ever since we were residents.  
 
Even though this thesis project has also meant limited free time, I´ve been lucky to have 
many precious friends near me. Thanks for being there and taking me out of the world of 
medicine. Especially I want to thank Hanna-Reetta for believing in me more than I tend to 
do myself. 
 
My heartfelt thanks go to my parents Maija and Voitto who have encouraged me to study 
and supported me to pursue my dreams. Olsa, Outi, Iida, Janne and Toivo are thanked for 
the valuable moments together. I am deeply grateful to my in-laws Ulla and Osmo for their 








Finally, I want to thank my dear Olli for all the love and support. With you I share the 
most precious things in my life: Pihla, Otso and Aarni. The four of you are the source of 















1. Prat J, Oncology FCG. Staging classification for cancer of the ovary, fallopian 
tube, and peritoneum. Int J Gynecol Obstet. 2014;124(1):1-5. 
2. Fuller PJ, Leung D, Chu S. Genetics and genomics of ovarian sex cord-stromal 
tumors. Clin Genet. 2017;91(2):285-91. 
3. Karnezis AN, Cho KR, Gilks CB, Pearce CL, Huntsman DG. The disparate 
origins of ovarian cancers: pathogenesis and prevention strategies. Nature Reviews Cancer. 
2017;17(1):65-74. 
4. Kurman R, Carcangiu, ML & Herrington, editor. World Health Organisation 
Classification of Tumours of the Female Reproductive Organs. 4th Revised edn ed: 
International Agency for Research on Cancer.; 2014. 
5. Bryk S, Pukkala E, Martinsen JI, Unkila-Kallio L, Tryggvadottir L, Sparen P, 
et al. Incidence and occupational variation of ovarian granulosa cell tumours in Finland, 
Iceland, Norway and Sweden during 1953-2012: a longitudinal cohort study. Bjog-Int J 
Obstet Gy. 2017;124(1):143-9. 
6. Young RH, Dickersin GR, Scully RE. Juvenile granulosa cell tumor of the 
ovary. A clinicopathological analysis of 125 cases. Am J Surg Pathol. 1984;8(8):575-96. 
7. Schumer ST. Granulosa Cell Tumor of the Ovary. Journal of Clinical 
Oncology. 2003;21(6):1180-9. 
8. Bryk S, Farkkila A, Butzow R, Leminen A, Heikinheimo M, Anttonen M, et 
al. Clinical characteristics and survival of patients with an adult-type ovarian granulosa cell 
tumor: a 56-year single-center experience. Int J Gynecol Cancer. 2015;25(1):33-41. 
9. Mangili G, Ottolina J, Gadducci A, Giorda G, Breda E, Savarese A, et al. 
Long-term follow-up is crucial after treatment for granulosa cell tumours of the ovary. Br J 
Cancer. 2013;109(1):29-34. 
10. Sun HD, Lin H, Jao MS, Wang KL, Liou WS, Hung YC, et al. A long-term 
follow-up study of 176 cases with adult-type ovarian granulosa cell tumors. Gynecologic 
Oncology. 2012;124(2):244-9. 
11. Crew KD, Cohen MH, Smith DH, Tiersten AD, Feirt NM, Hershman DL. 
Long natural history of recurrent granulosa cell tumor of the ovary 23 years after initial 
diagnosis: a case report and review of the literature. Gynecologic Oncology. 
2005;96(1):235-40. 
12. Kim JA, Chun YK, Moon MH, Lee YH, Cho HC, Lee MS, et al. High-
resolution sonographic findings of ovarian granulosa cell tumors: correlation with 
pathologic findings. J Ultrasound Med. 2010;29(2):187-93. 
13. Van Holsbeke C, Domali E, Holland TK, Achten R, Testa AC, Valentin L, et 
al. Imaging of gynecological disease (3): clinical and ultrasound characteristics of granulosa 
cell tumors of the ovary. Ultrasound Obstet Gynecol. 2008;31(4):450-6. 
14. Kim SH, Kim SH. Granulosa cell tumor of the ovary: common findings and 
unusual appearances on CT and MR. J Comput Assist Tomogr. 2002;26(5):756-61. 
15. Ko SF, Wan YL, Ng SH, Lee TY, Lin JW, Chen WJ, et al. Adult ovarian 
granulosa cell tumors: spectrum of sonographic and CT findings with pathologic 
correlation. AJR Am J Roentgenol. 1999;172(5):1227-33. 
16. Varma DG, Thorneycroft IH, Degefu S, Eberly SM, Smith LG, Jr. Magnetic 
resonance imaging of adult ovarian granulosa cell tumor. Case report. Clin Imaging. 
1990;14(1):55-8. 
17. van Meurs HS, Bleeker MC, van der Velden J, Overbeek LI, Kenter GG, Buist 
MR. The incidence of endometrial hyperplasia and cancer in 1031 patients with a granulosa 
cell tumor of the ovary: long-term follow-up in a population-based cohort study. Int J 
Gynecol Cancer. 2013;23(8):1417-22. 
18. Huang YT, Lee JC, Kumar ASR. Variable F-18 fluorodeoxyglucose Avidity 







19. Meden H, Fattahi-Meibodi A. CA 125 in benign gynecological conditions. Int 
J Biol Markers. 1998;13(4):231-7. 
20. Jacobs I, Bast RC. The Ca-125 Tumor-Associated Antigen - a Review of the 
Literature. Hum Reprod. 1989;4(1):1-12. 
21. Haga Y, Sakamoto K, Egami H, Yoshimura R, Mori K, Akagi M. Clinical-
Significance of Serum Ca125 Values in Patients with Cancers of the Digestive-System. Am 
J Med Sci. 1986;292(1):30-4. 
22. Bast RC, Jr., Badgwell D, Lu Z, Marquez R, Rosen D, Liu J, et al. New tumor 
markers: CA125 and beyond. Int J Gynecol Cancer. 2005;15 Suppl 3:274-81. 
23. Moore RG, Brown AK, Miller MC, Skates S, Allard WJ, Verch T, et al. The 
use of multiple novel tumor biomarkers for the detection of ovarian carcinoma in patients 
with a pelvic mass. Gynecol Oncol. 2008;108(2):402-8. 
24. Park Y, Lee JH, Hong DJ, Lee EY, Kim HS. Diagnostic performances of HE4 
and CA125 for the detection of ovarian cancer from patients with various gynecologic and 
non-gynecologic diseases. Clin Biochem. 2011;44(10-11):884-8. 
25. Bolstad N, Oijordsbakken M, Nustad K, Bjerner J. Human epididymis protein 
4 reference limits and natural variation in a Nordic reference population. Tumour Biol. 
2012;33(1):141-8. 
26. Kristjansdottir B, Levan K, Partheen K, Sundfeldt K. Diagnostic performance 
of the biomarkers HE4 and CA125 in type I and type II epithelial ovarian cancer. 
Gynecologic Oncology. 2013;131(1):52-8. 
27. Ayhan A, Salman MC, Velipasaoglu M, Sakinci M, Yuce K. Prognostic 
factors in adult granulosa cell tumors of the ovary: a retrospective analysis of 80 cases. J 
Gynecol Oncol. 2009;20(3):158-63. 
28. Stine JE, Suri A, Gehrig PA, Chiu M, Erickson BK, Huh WK, et al. Pre-
operative imaging with CA125 is a poor predictor for granulosa cell tumors. Gynecol Oncol. 
2013;131(1):59-62. 
29. Farkkila A, Koskela S, Bryk S, Alfthan H, Butzow R, Leminen A, et al. The 
clinical utility of serum anti-Mullerian hormone in the follow-up of ovarian adult-type 
granulosa cell tumors--A comparative study with inhibin B. Int J Cancer. 2015;137(7):1661-
71. 
30. Geerts I, Vergote I, Neven P, Billen J. The role of inhibins B and antimullerian 
hormone for diagnosis and follow-up of granulosa cell tumors. Int J Gynecol Cancer. 
2009;19(5):847-55. 
31. Petraglia F, Luisi S, Pautier P, Sabourin JC, Rey R, Lhomme C, et al. Inhibin 
B is the major form of inhibin/activin family secreted by granulosa cell tumors. J Clin 
Endocrinol Metab. 1998;83(3):1029-32. 
32. Rey RA, Lhomme C, Marcillac I, Lahlou N, Duvillard P, Josso N, et al. 
Antimullerian hormone as a serum marker of granulosa cell tumorsof the ovary: 
comparative study with serum alpha-inhibin and estradiol. Am J Obstet Gynecol. 
1996;174(3):958-65. 
33. Robertson DM, Cahir N, Burger HG, Mamers P, McCloud PI, Pettersson K, 
et al. Combined inhibin and CA125 assays in the detection of ovarian cancer. Clin Chem. 
1999;45(5):651-8. 
34. Rustamov O, Smith A, Roberts SA, Yates AP, Fitzgerald C, Krishnan M, et 
al. Anti-Mullerian hormone: poor assay reproducibility in a large cohort of subjects suggests 
sample instability. Hum Reprod. 2012;27(10):3085-91. 
35. Kaye SB, Davies E. Cyclophosphamide, Adriamycin, and Cisplatinum for the 
Treatment of Advanced Granulosa-Cell Tumor, Using Serum Estradiol as a Tumor-Marker. 
Gynecologic Oncology. 1986;24(2):261-4. 
36. Lappohn RE, Burger HG, Bouma J, Bangah M, Krans M, de Bruijn HW. 
Inhibin as a marker for granulosa-cell tumors. N Engl J Med. 1989;321(12):790-3. 








38. Cronje HS, Niemand I, Bam RH, Woodruff JD. Review of the granulosa-theca 
cell tumors from the emil Novak ovarian tumor registry. Am J Obstet Gynecol. 1999;180(2 
Pt 1):323-7. 
39. Costa MJ, Ames PF, Walls J, Roth LM. Inhibin immunohistochemistry 
applied to ovarian neoplasms: A novel, effective, diagnostic tool. Hum Pathol. 
1997;28(11):1247-54. 
40. Gitsch G, Kohlberger P, Steiner A, Neumeister B, Breitenecker G. Expression 
of Cytokeratins in Granulosa-Cell Tumors and Ovarian Carcinomas. Arch Gynecol Obstet. 
1992;251(4):193-7. 
41. Stall JN, Young RH. Granulosa Cell Tumors of the Ovary With Prominent 
Thecoma-like Foci: A Report of 16 Cases Emphasizing the Ongoing Utility of the Reticulin 
Stain in the Modern Era. Int J Gynecol Pathol. 2018. 
42. Al-Agha OM, Huwait HF, Chow C, Yang W, Senz J, Kalloger SE, et al. 
FOXL2 Is a Sensitive and Specific Marker for Sex Cord-Stromal Tumors of the Ovary. 
American Journal of Surgical Pathology. 2011;35(4):484-94. 
43. McCluggage WG, Maxwell P. Immunohistochemical staining for calretinin is 
useful in the diagnosis of ovarian sex cord-stromal tumours. Histopathology. 
2001;38(5):403-8. 
44. Shah SP, Kobel M, Senz J, Morin RD, Clarke BA, Wiegand KC, et al. 
Mutation of FOXL2 in granulosa-cell tumors of the ovary. N Engl J Med. 
2009;360(26):2719-29. 
45. Jamieson S, Butzow R, Andersson N, Alexiadis M, Unkila-Kallio L, 
Heikinheimo M, et al. The FOXL2 C134W mutation is characteristic of adult granulosa cell 
tumors of the ovary. Modern Pathol. 2010;23(11):1477-85. 
46. Kim MS, Hur SY, Yoo NJ, Lee SH. Mutational analysis of FOXL2 codon 134 
in granulosa cell tumour of ovary and other human cancers. J Pathol. 2010;221(2):147-52. 
47. McConechy MK, Farkkila A, Horlings HM, Talhouk A, Unkila-Kallio L, van 
Meurs HS, et al. Molecularly Defined Adult Granulosa Cell Tumor of the Ovary: The 
Clinical Phenotype. J Natl Cancer Inst. 2016;108(11). 
48. Colombo N, Peiretti M, Garbi A, Carinelli S, Marini C, Sessa C, et al. Non-
epithelial ovarian cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and 
follow-up. Ann Oncol. 2012;23 Suppl 7:vii20-6. 
49. Cheng H, Peng J, Yang Z, Zhang G. Prognostic significance of 
lymphadenectomyin malignant ovarian sex cord stromal tumor: A retrospective cohort 
study and meta-analysis. Gynecol Oncol. 2018;148(1):91-6. 
50. Thrall MM, Paley P, Pizer E, Garcia R, Goff BA. Patterns of spread and 
recurrence of sex cord-stromal tumors of the ovary. Gynecologic Oncology. 
2011;122(2):242-5. 
51. Brown J, Sood AK, Deavers MT, Milojevic L, Gershenson DM. Patterns of 
metastasis in sex cord-stromal tumors of the ovary: Can routine staging lymphadenectomy 
be omitted? Gynecologic Oncology. 2009;113(1):86-90. 
52. Mangili G, Ottolina J, Cormio G, Loizzi V, De Iaco P, Pellegrini DA, et al. 
Adjuvant chemotherapy does not improve disease-free survival in FIGO stage IC ovarian 
granulosa cell tumors: The MITO-9 study. Gynecologic Oncology. 2016;143(2):276-80. 
53. Fotopoulou C, Savvatis K, Braicu EI, Brink-Spalink V, Darb-Esfahani S, 
Lichtenegger W, et al. Adult granulosa cell tumors of the ovary: tumor dissemination pattern 
at primary and recurrent situation, surgical outcome. Gynecol Oncol. 2010;119(2):285-90. 
54. Bergamini A, Ferrandina G, Candiani M, Cormio G, Giorda G, Lauria R, et 
al. Laparoscopic surgery in the treatment of stage I adult granulosa cells tumors of the ovary: 
Results from the MITO-9 study. Ejso-Eur J Surg Onc. 2018;44(6):766-70. 
55. Evans AT, Gaffey TA, Malkasian GD, Annegers JF. Clinicopathologic 
Review of 118 Granulosa and 82 Theca Cell Tumors. Obstet Gynecol. 1980;55(2):231-8. 
56. Ohel G, Kaneti H, Schenker JG. Granulosa-Cell Tumors in Israel - a Study of 







57. Wang D, Xiang Y, Wu M, Shen K, Yang JX, Huang HF, et al. Is adjuvant 
chemotherapy beneficial for patients with FIGO stage IC adult granulosa cell tumor of the 
ovary? J Ovarian Res. 2018;11. 
58. Bryk S, Farkkila A, Butzow R, Leminen A, Tapper J, Heikinheimo M, et al. 
Characteristics and outcome of recurrence in molecularly defined adult-type ovarian 
granulosa cell tumors. Gynecol Oncol. 2016;143(3):571-7. 
59. Abu-Rustum NR, Restivo A, Ivy J, Soslow R, Sabbatini P, Sonoda Y, et al. 
Retroperitoneal nodal metastasis in primary and recurrent granulosa cell tumors of the 
ovary. Gynecologic Oncology. 2006;103(1):31-4. 
60. Lee YK, Park NH, Kim JW, Song YS, Kang SB, Lee HP. Characteristics of 
recurrence in adult-type granulosa cell tumor. International Journal of Gynecological 
Cancer. 2008;18(4):642-7. 
61. Morgan RJ, Armstrong DK, Alvarez RD, Bakkum-Gamez JN, Behbakht K, 
Chen LM, et al. Ovarian Cancer, Version 1.2016. J Natl Compr Canc Ne. 2016;14(9):1134-
63. 
62. Oseledchyk A, Gennarelli RL, Leitao MM, Jr., Aghajanian CA, Iasonos A, 
Zivanovic O, et al. Adjuvant chemotherapy in patients with operable granulosa cell tumors 
of the ovary: a surveillance, epidemiology, and end results cohort study. Cancer Med. 
2018;7(6):2280-7. 
63. Homesley HD, Bundy BN, Hurteau JA, Roth LM. Bleomycin, etoposide, and 
cisplatin combination therapy of ovarian granulosa cell tumors and other stromal 
malignancies: A Gynecologic Oncology Group study. Gynecologic Oncology. 
1999;72(2):131-7. 
64. Pautier P, Lhomme C, Culine S, Duvillard P, Michel G, Bidart JM, et al. Adult 
granulosa-cell tumor of the ovary: A retrospective study of 45 cases. International Journal 
of Gynecological Cancer. 1997;7(1):58-65. 
65. Gershenson DM, Morris M, Burke TW, Levenback C, Matthe CM, Wharton 
JT. Treatment of poor-prognosis sex cord-stromal tumors of the ovary with the combination 
of bleomycin, etoposide, and cisplatin. Obstet Gynecol. 1996;87(4):527-31. 
66. van Meurs HS, Buist MR, Westermann AM, Sonke GS, Kenter GG, van der 
Velden J. Effectiveness of chemotherapy in measurable granulosa cell tumors: a 
retrospective study and review of literature. Int J Gynecol Cancer. 2014;24(3):496-505. 
67. White DA, Stover DE. Severe Bleomycin-Induced Pneumonitis - Clinical-
Features and Response to Corticosteroids. Chest. 1984;86(5):723-8. 
68. Pedersenbjergaard J, Daugaard G, Hansen SW, Philip P, Larsen SO, Rorth M. 
Increased Risk of Myelodysplasia and Leukemia after Etoposide, Cisplatin, and Bleomycin 
for Germ-Cell Tumors. Lancet. 1991;338(8763):359-63. 
69. Brown J, Shvartsman HS, Deavers MT, Burke TW, Munsell MF, Gershenson 
DM. The activity of taxanes in the treatment of sex cord-stromal ovarian tumors. Journal of 
Clinical Oncology. 2004;22(17):3517-23. 
70. Brown J, Shvartsman HS, Deavers MT, Ramondetta LM, Burke TW, Munsell 
MF, et al. The activity of taxanes compared with bleomycin, etoposide, and cisplatin in the 
treatment of sex cord-stromal ovarian tumors. Gynecologic Oncology. 2005;97(2):489-96. 
71. Burton ER, Brady M, Homesley HD, Rose PG, Nakamura T, Kesterson JP, et 
al. A phase II study of paclitaxel for the treatment of ovarian stromal tumors: An NRG 
Oncology/ Gynecologic Oncology Group Study*. Gynecologic Oncology. 2016;140(1):48-
52. 
72. van Meurs HS, van Lonkhuijzen LR, Limpens J, van der Velden J, Buist MR. 
Hormone therapy in ovarian granulosa cell tumors: a systematic review. Gynecol Oncol. 
2014;134(1):196-205. 
73. van Meurs HS, van der Velden J, Buist MR, van Driel WJ, Kenter GG, van 
Lonkhuijzen LR. Evaluation of response to hormone therapy in patients with measurable 








74. Oza AM, Cook AD, Pfisterer J, Embleton A, Ledermann JA, Pujade-Lauraine 
E, et al. Standard chemotherapy with or without bevacizumab for women with newly 
diagnosed ovarian cancer (ICON7): overall survival results of a phase 3 randomised trial. 
Lancet Oncol. 2015;16(8):928-36. 
75. Brown J, Brady WE, Schink J, Van Le L, Leitao M, Yamada SD, et al. 
Efficacy and Safety of Bevacizumab in Recurrent Sex Cord-Stromal Ovarian Tumors. 
Cancer. 2014;120(3):344-51. 
76. Ray-Coquard I, Harter P, Lorusso D. Alienor/ENGOT-ov7 randomized trial 
exploring weekly paclitaxel (wP) + bevacizumab (bev) vs wP alone for patients with ovarian 
sex cord tumors (SCT) in relapse. Annals of Oncology. 2018;29(Suppl_8). 
77. Lane AH, Lee MM, Fuller AF, Kehas DJ, Donahoe PK, MacLaughlin DT. 
Diagnostic utility of Mullerian inhibiting substance determination in patients with primary 
and recurrent granulosa cell tumors. Gynecologic Oncology. 1999;73(1):51-5. 
78. Farkkila A, McConechy MK, Yang W, Talhouk A, Ng Y, Lum A, et al. 
FOXL2 402C > G Mutation Can Be Identified in the Circulating Tumor DNA of Patients 
with Adult-Type Granulosa Cell Tumor. Journal of Molecular Diagnostics. 2017;19(1):126-
36. 
79. Terzic M, Ladjevic IL, Ladjevic N, Terzic S, Dotlic J, Arsenovic N, et al. The 
longest period to recurrence of granulosa cell ovarian tumor: 41 years after initial diagnosis. 
Eur J Gynaecol Oncol. 2018;39(5):800-2. 
80. Pectasides D, Papaxoinis G, Fountzilas G, Aravantinos G, Pectasides E, 
Mouratidou D, et al. Adult granulosa cell tumors of the ovary: a clinicopathological study 
of 34 patients by the hellenic cooperative oncology group (HeCOG). Anticancer Res. 
2008;28(2b):1421-7. 
81. Wilson MK, Fong P, Mesnage S, Chrystal K, Shelling A, Payne K, et al. Stage 
I granulosa cell tumours: A management conundrum? Results of long-term follow up. 
Gynecol Oncol. 2015;138(2):285-91. 
82. Farkkila A, Andersson N, Butzow R, Leminen A, Heikinheimo M, Anttonen 
M, et al. HER2 and GATA4 are new prognostic factors for early-stage ovarian granulosa 
cell tumor-a long-term follow-up study. Cancer Med-Us. 2014;3(3):526-36. 
83. Oktem O, Oktay K. The ovary - Anatomy and function throughout human life. 
Ann Ny Acad Sci. 2008;1127:1-9. 
84. Veitia RA. FOXL2 versus SOX9: a lifelong "battle of the sexes". Bioessays. 
2010;32(5):375-80. 
85. Schmidt D, Ovitt CE, Anlag K, Fehsenfeld S, Gredsted L, Treier AC, et al. 
The murine winged-helix transcription factor Foxl2 is required for granulosa cell 
differentiation and ovary maintenance. Development. 2004;131(4):933-42. 
86. Crisponi L, Deiana M, Loi A, Chiappe F, Uda M, Amati P, et al. The putative 
forkhead transcription factor FOXL2 is mutated in blepharophimosis/ptosis/epicanthus 
inversus syndrome. Nat Genet. 2001;27(2):159-66. 
87. Durlinger AL, Kramer P, Karels B, de Jong FH, Uilenbroek JT, Grootegoed 
JA, et al. Control of primordial follicle recruitment by anti-Mullerian hormone in the mouse 
ovary. Endocrinology. 1999;140(12):5789-96. 
88. Otsuka F, Yao Z, Lee T, Yamamoto S, Erickson GF, Shimasaki S. Bone 
morphogenetic protein-15. Identification of target cells and biological functions. J Biol 
Chem. 2000;275(50):39523-8. 
89. Richards JS. Hormonal-Control of Gene-Expression in the Ovary. Endocrine 
Reviews. 1994;15(6):725-51. 
90. Vivanco I, Sawyers CL. The phosphatidylinositol 3-kinase-AKT pathway in 
human cancer. Nature Reviews Cancer. 2002;2(7):489-501. 
91. Cottom J, Salvador LM, Maizels ET, Reierstad S, Park Y, Carr DW, et al. 
Follicle-stimulating hormone activates extracellular signal-regulated kinase but not 
extracellular signal-regulated kinase kinase through a 100-kDa phosphotyrosine 







92. Richards JS, Sharma SC, Falender AE, Lo YH. Expression of FKHR, 
FKHRL1, and AFX genes in the rodent ovary: Evidence for regulation by IGF-1, estrogen, 
and the gonadotropins. Molecular Endocrinology. 2002;16(3):580-99. 
93. Zhou J, Kumar TR, Matzuk MM, Bondy C. Insulin-like growth factor I 
regulates gonadotropin responsiveness in the murine ovary. Molecular Endocrinology. 
1997;11(13):1924-33. 
94. Cui J, Shen Y, Li R. Estrogen synthesis and signaling pathways during aging: 
from periphery to brain. Trends Mol Med. 2013;19(3):197-209. 
95. Samavat H, Kurzer MS. Estrogen metabolism and breast cancer. Cancer 
Letters. 2015;356(2):231-43. 
96. Inoue T, Miki Y, Abe K, Hatori M, Hosaka M, Kariya Y, et al. Sex steroid 
synthesis in human skin in situ: the roles of aromatase and steroidogenic acute regulatory 
protein in the homeostasis of human skin. Mol Cell Endocrinol. 2012;362(1-2):19-28. 
97. Leung P, editor. The Ovary: London: Elsevier Inc.; 2004. 
98. Clark BJ, Wells J, King SR, Stocco DM. The Purification, Cloning, and 
Expression of a Novel Luteinizing Hormone-Induced Mitochondrial Protein in Ma-10 
Mouse Leydig Tumor-Cells - Characterization of the Steroidogenic Acute Regulatory 
Protein (Star). Journal of Biological Chemistry. 1994;269(45):28314-22. 
99. Simoni M, Gromoll J, Nieschlag E. The follicle-stimulating hormone receptor: 
Biochemistry, molecular biology, physiology, and pathophysiology. Endocrine Reviews. 
1997;18(6):739-73. 
100. Bentsi-Barnes IK, Kuo FT, Barlow GM, Pisarska MD. Human forkhead L2 
represses key genes in granulosa cell differentiation including aromatase, P450scc, and 
cyclin D2. Fertil Steril. 2010;94(1):353-6. 
101. Pisarska MD, Bae J, Klein C, Hsueh AJW. Forkhead L2 is expressed in the 
ovary and represses the promoter activity of the steroidogenic acute regulatory gene. 
Endocrinology. 2004;145(7):3424-33. 
102. Park MR, Shin EK, Won MA, Kim JH, Ko HY, Kim HL, et al. FOXL2 
Interacts with Steroidogenic Factor-1 (SF-1) and Represses SF-1-Induced CYP17 
Transcription in Granulosa Cells. Endocrine Reviews. 2010;31(3). 
103. Miller WL, Auchus RJ. The Molecular Biology, Biochemistry, and 
Physiology of Human Steroidogenesis and Its Disorders. Endocrine Reviews. 
2011;32(1):81-151. 
104. Naftolin F, Ryan KJ, Petro Z. Aromatization of Androstenedione by Anterior 
Hypothalamus of Adult Male and Female Rat. Endocrinology. 1972;90(1):295-+. 
105. Schindler AE, Ebert A, Friedrich E. Conversion of Androstenedione to 
Estrone by Human Fat Tissue. J Clin Endocr Metab. 1972;35(4):627-+. 
106. Guigon CJ, Mazaud S, Forest MG, Brailly-Tabard S, Coudouel N, Magre S. 
Unaltered development of the initial follicular waves and normal pubertal onset in female 
rats after neonatal deletion of the follicular reserve. Endocrinology. 2003;144(8):3651-62. 
107. Fitzpatrick SL, Richards JS. Regulation of Cytochrome-P450 Aromatase 
Messenger-Ribonucleic-Acid and Activity by Steroids and Gonadotropins in Rat 
Granulosa-Cells. Endocrinology. 1991;129(3):1452-62. 
108. Otsuka F, Yamamoto S, Erickson GF, Shimasaki S. Bone morphogenetic 
protein-15 inhibits follicle-stimulating hormone (FSH) action by suppressing FSH receptor 
expression. Journal of Biological Chemistry. 2001;276(14):11387-92. 
109. Ying SY, Becker A, Ling N, Ueno N, Guillemin R. Inhibin and Beta-Type 
Transforming Growth-Factor (Tgf-Beta) Have Opposite Modulating Effects on the Follicle-
Stimulating-Hormone (Fsh)-Induced Aromatase-Activity of Cultured Rat Granulosa-Cells. 
Biochem Bioph Res Co. 1986;136(3):969-75. 
110. Jia M, Dahlman-Wright K, Gustafsson JA. Estrogen receptor alpha and beta 
in health and disease. Best Pract Res Cl En. 2015;29(4):557-68. 
111. Zimmerman MA, Budish RA, Kashyap S, Lindsey SH. GPER-novel 







112. Byers M, Kuiper GGJM, Gustafsson JA, ParkSarge OK. Estrogen receptor-
beta mRNA expression in rat ovary: Down-regulation by gonadotropins. Molecular 
Endocrinology. 1997;11(2):172-82. 
113. Heublein S, Lenhard M, Vrekoussis T, Schoepfer J, Kuhn C, Friese K, et al. 
The G-Protein-Coupled Estrogen Receptor (GPER) is Expressed in Normal Human Ovaries 
and is Upregulated in Ovarian Endometriosis and Pelvic Inflammatory Disease Involving 
the Ovary. Reprod Sci. 2012;19(11):1197-204. 
114. Krege JH, Hodgin JB, Couse JF, Enmark E, Warner M, Mahler JF, et al. 
Generation and reproductive phenotypes of mice lacking estrogen receptor beta. P Natl 
Acad Sci USA. 1998;95(26):15677-82. 
115. Lubahn DB, Moyer JS, Golding TS, Couse JF, Korach KS, Smithies O. 
Alteration of Reproductive Function but Not Prenatal Sexual Development after Insertional 
Disruption of the Mouse Estrogen-Receptor Gene. P Natl Acad Sci USA. 
1993;90(23):11162-6. 
116. Ogawa S, Eng V, Taylor J, Lubahn DB, Korach KS, Pfaff DW. Roles of 
estrogen receptor alpha gene expression in reproduction-related behaviors in female mice. 
Endocrinology. 1998;139(12):5070-81. 
117. Otto C, Fuchs I, Kauselmann G, Kern H, Zevnik B, Andreasen P, et al. GPR30 
Does Not Mediate Estrogenic Responses in Reproductive Organs in Mice. Biology of 
Reproduction. 2009;80(1):34-41. 
118. Martensson UEA, Salehi SA, Windahl S, Gomez MF, Sward K, Daszkiewicz-
Nilsson J, et al. Deletion of the G Protein-Coupled Receptor 30 Impairs Glucose Tolerance, 
Reduces Bone Growth, Increases Blood Pressure, and Eliminates Estradiol-Stimulated 
Insulin Release in Female Mice. Endocrinology. 2009;150(2):687-98. 
119. Franks S, Hardy K. Androgen Action in the Ovary. Front Endocrinol. 2018;9. 
120. Sen A, O'Malley K, Wang Z, Raj GV, DeFranco DB, Hammes SR. Paxillin 
Regulates Androgen- and Epidermal Growth Factor-induced MAPK Signaling and Cell 
Proliferation in Prostate Cancer Cells. Journal of Biological Chemistry. 
2010;285(37):28787-95. 
121. Drummond AE. TGFbeta signalling in the development of ovarian function. 
Cell Tissue Res. 2005;322(1):107-15. 
122. Knight PG, Glister C. TGF-beta superfamily members and ovarian follicle 
development. Reproduction. 2006;132(2):191-206. 
123. Ling N, Ying SY, Ueno N, Esch F, Denoroy L, Guillemin R. Isolation and 
partial characterization of a Mr 32,000 protein with inhibin activity from porcine follicular 
fluid. Proc Natl Acad Sci U S A. 1985;82(21):7217-21. 
124. Lebrun JJ, Vale WW. Activin and inhibin have antagonistic effects on ligand-
dependent heteromerization of the type I and type II activin receptors and human erythroid 
differentiation. Mol Cell Biol. 1997;17(3):1682-91. 
125. Martens JW, de Winter JP, Timmerman MA, McLuskey A, van Schaik RH, 
Themmen AP, et al. Inhibin interferes with activin signaling at the level of the activin 
receptor complex in Chinese hamster ovary cells. Endocrinology. 1997;138(7):2928-36. 
126. Visser JA, de Jong FH, Laven JS, Themmen AP. Anti-Mullerian hormone: a 
new marker for ovarian function. Reproduction. 2006;131(1):1-9. 
127. Pierre A, Peigne M, Grynberg M, Arouche N, Taieb J, Hesters L, et al. Loss 
of LH-induced down-regulation of anti-Mllerian hormone receptor expression may 
contribute to anovulation in women with polycystic ovary syndrome. Hum Reprod. 
2013;28(3):762-9. 
128. Rico C, Medigue C, Fabre S, Jarrier P, Bontoux M, Clement F, et al. 
Regulation of Anti-Mullerian Hormone Production in the Cow: A Multiscale Study at 
Endocrine, Ovarian, Follicular, and Granulosa Cell Levels. Biology of Reproduction. 
2011;84(3):560-71. 
129. Visser JA, Schipper I, Laven JS, Themmen AP. Anti-Mullerian hormone: an 








130. Tilly JL, Billig H, Kowalski KI, Hsueh AJW. Epidermal Growth-Factor and 
Basic Fibroblast Growth-Factor Suppress the Spontaneous Onset of Apoptosis in Cultured 
Rat Ovarian Granulosa-Cells and Follicles by a Tyrosine Kinase-Dependent Mechanism. 
Molecular Endocrinology. 1992;6(11):1942-50. 
131. Chun SY, Billig H, Tilly JL, Furuta I, Tsafriri A, Hsueh AJW. Gonadotropin 
Suppression of Apoptosis in Cultured Preovulatory Follicles - Mediatory Role of 
Endogenous Insulin-Like Growth-Factor-I. Endocrinology. 1994;135(5):1845-53. 
132. Billig H, Furuta I, Hsueh AJ. Estrogens inhibit and androgens enhance ovarian 
granulosa cell apoptosis. Endocrinology. 1993;133(5):2204-12. 
133. Elmore S. Apoptosis: A review of programmed cell death. Toxicol Pathol. 
2007;35(4):495-516. 
134. Hakuno N, Koji T, Yano T, Kobayashi N, Tsutsumi O, Taketani Y, et al. 
Fas/APO-1/CD95 system as a mediator of granulosa cell apoptosis in ovarian follicle 
atresia. Endocrinology. 1996;137(5):1938-48. 
135. Terranova PF. Potential roles of tumor necrosis factor-alpha in follicular 
development, ovulation, and the life span of the corpus luteum. Domest Anim Endocrin. 
1997;14(1):1-15. 
136. Xiao CW, Ash K, Tsang BK. Nuclear factor-kappa B-mediated X-linked 
inhibitor of apoptosis protein expression prevents rat granulosa cells from tumor necrosis 
factor alpha-induced apoptosis. Endocrinology. 2001;142(2):557-63. 
137. Zauli G, Secchiero P. The role of the TRAIL/TRAIL receptors system in 
hematopoiesis and endothelial cell biology. Cytokine Growth F R. 2006;17(4):245-57. 
138. Pan GH, ORourke K, Chinnaiyan AM, Gentz R, Ebner R, Ni J, et al. The 
receptor for the cytotoxic ligand TRAIL. Science. 1997;276(5309):111-3. 
139. Walczak H, DegliEsposti MA, Johnson RS, Smolak PJ, Waugh JY, Boiani N, 
et al. TRAIL-R2: A novel apoptosis-mediating receptor for TRAIL. Embo J. 
1997;16(17):5386-97. 
140. Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, et al. 
A novel receptor for Apo2L/TRAIL contains a truncated death domain. Curr Biol. 
1997;7(12):1003-6. 
141. Pan GH, Ni J, Wei YF, Yu GL, Gentz R, Dixit VM. An antagonist decoy 
receptor and a death domain-containing receptor for TRAIL. Science. 1997;277(5327):815-
8. 
142. Merino D, Lalaoui N, Morizot A, Schneider P, Solary E, Micheau O. 
Differential inhibition of TRAIL-mediated DR5-DISC formation by decoy receptors 1 and 
2. Molecular and Cellular Biology. 2006;26(19):7046-55. 
143. Lancaster JM, Sayer R, Blanchette C, Calingaert B, Whitaker R, Schildkraut 
J, et al. High expression of tumor necrosis factor-related apoptosis-inducing ligand is 
associated with favorable ovarian cancer survival. Clinical Cancer Research. 
2003;9(2):762-6. 
144. Spierings DC, de Vries EG, Vellenga E, van den Heuvel FA, Koornstra JJ, 
Wesseling J, et al. Tissue distribution of the death ligand TRAIL and its receptors. J 
Histochem Cytochem. 2004;52(6):821-31. 
145. Jaaskelainen M, Kyronlahti A, Anttonen M, Nishi Y, Yanase T, Secchiero P, 
et al. TRAIL pathway components and their putative role in granulosa cell apoptosis in the 
human ovary. Differentiation. 2009;77(4):369-76. 
146. Wada S, Manabe N, Nakayama M, Inoue N, Matsui T, Miyamoto H. TRAIL-
decoy receptor 1 plays inhibitory role in apoptosis of granulosa cells from pig ovarian 
follicles. J Vet Med Sci. 2002;64(5):435-9. 
147. Ambrosini G, Adida C, Altieri DC. A novel anti-apoptosis gene, survivin, 
expressed in cancer and lymphoma. Nat Med. 1997;3(8):917-21. 
148. Sah NK, Khan Z, Khan GJ, Bisen PS. Structural, functional and therapeutic 
biology of survivin. Cancer Letters. 2006;244(2):164-71. 
149. Johnson AL, Langer JS, Bridgham JT. Survivin as a cell cycle-related and 







150. Fuller PJ, Chu S. Signalling pathways in the molecular pathogenesis of 
ovarian granulosa cell tumours. Trends Endocrinol Metab. 2004;15(3):122-8. 
151. Alexiadis M, Rowley SM, Chu S, Leung DTH, Stewart CJR, Amarasinghe 
KC, et al. Mutational Landscape of Ovarian Adult Granulosa Cell Tumors from Whole 
Exome and Targeted TERT Promoter Sequencing. Mol Cancer Res. 2018. 
152. Caburet S, Anttonen M, Todeschini AL, Unkila-Kallio L, Mestivier D, 
Butzow R, et al. Combined comparative genomic hybridization and transcriptomic analyses 
of ovarian granulosa cell tumors point to novel candidate driver genes. Bmc Cancer. 
2015;15. 
153. King LA, Okagaki T, Gallup DG, Twiggs LB, Messing MJ, Carson LF. 
Mitotic count, nuclear atypia, and immunohistochemical determination of Ki-67, c-myc, 
p21-ras, c-erbB2, and p53 expression in granulosa cell tumors of the ovary: Mitotic count 
and Ki-67 are indicators of poor prognosis. Gynecologic Oncology. 1996;61(2):227-32. 
154. Liu FS, Ho ESC, Lai CR, Chen JT, Shih RTP, Yang CH, et al. Overexpression 
of p53 is not a feature of ovarian granulosa cell tumors. Gynecologic Oncology. 
1996;61(1):50-3. 
155. Benayoun BA, Anttonen M, L'Hote D, Bailly-Bechet M, Andersson N, 
Heikinheimo M, et al. Adult ovarian granulosa cell tumor transcriptomics: prevalence of 
FOXL2 target genes misregulation gives insights into the pathogenic mechanism of the 
p.Cys134Trp somatic mutation. Oncogene. 2013;32(22):2739-46. 
156. Schrader KA, Gorbatcheva B, Senz J, Heravi-Moussavi A, Melnyk N, 
Salamanca C, et al. The Specificity of the FOXL2 c.402C > G Somatic Mutation: A Survey 
of Solid Tumors. Plos One. 2009;4(11). 
157. Benayoun BA, Caburet S, Dipietromaria A, Georges A, D'Haene B, 
Pandaranayaka PJE, et al. Functional Exploration of the Adult Ovarian Granulosa Cell 
Tumor-Associated Somatic FOXL2 Mutation p.Cys134Trp (c.402C > G). Plos One. 
2010;5(1). 
158. Kim JH, Kim YH, Kim HM, Park HO, Ha NC, Kim TH, et al. FOXL2 
posttranslational modifications mediated by GSK3 beta determine the growth of granulosa 
cell tumours. Nat Commun. 2014;5. 
159. Pisarska MD, Kuo FT, Bentsi-Barnes IK, Khan S, Barlow GM. LATS1 
phosphorylates forkhead L2 and regulates its transcriptional activity. Am J Physiol-Endoc 
M. 2010;299(1):E101-E9. 
160. L'Hote D, Georges A, Todeschini AL, Kim JH, Benayoun BA, Bae J, et al. 
Discovery of novel protein partners of the transcription factor FOXL2 provides insights into 
its physiopathological roles. Human Molecular Genetics. 2012;21(14):3264-74. 
161. Rosario R, Araki H, Print CG, Shelling AN. The transcriptional targets of 
mutant FOXL2 in granulosa cell tumours. PLoS One. 2012;7(9):e46270. 
162. McTavish KJ, Nonis D, Hoang YD, Shimasaki S. Granulosa cell tumor mutant 
FOXL2C134W suppresses GDF-9 and activin A-induced follistatin transcription in primary 
granulosa cells. Mol Cell Endocrinol. 2013;372(1-2):57-64. 
163. Pilsworth JA, Cochrane DR, Xia ZCY, Aubert G, Farkkila AEM, Horlings 
HM, et al. TERT is frequently mutated in adult-type granulosa cell tumors of the ovary 
compared to other malignant sex cord-stromal tumors. Clinical Cancer Research. 
2018;24(15):35-6. 
164. Zhang Q, Kim NK, Feigon J. Architecture of human telomerase RNA. Proc 
Natl Acad Sci U S A. 2011;108(51):20325-32. 
165. Kim NW, Piatyszek MA, Prowse KR, Harley CB, West MD, Ho PLC, et al. 
Specific Association of Human Telomerase Activity with Immortal Cells and Cancer. 
Science. 1994;266(5193):2011-5. 
166. Hillman RT, Celestino J, Terranova C, Beird HC, Gumbs C, Little L, et al. 
KMT2D/MLL2 inactivation is associated with recurrence in adult-type granulosa cell 







167. Morin RD, Mendez-Lago M, Mungall AJ, Goya R, Mungall KL, Corbett RD, 
et al. Frequent mutation of histone-modifying genes in non-Hodgkin lymphoma. Nature. 
2011;476(7360):298-303. 
168. Ligtenberg MJ, Siers M, Themmen APN, Hanselaar TG, Willemsen W, 
Brunner HG. Analysis of mutations in genes of the follicle-stimulating hormone receptor 
signaling pathway in ovarian granulosa cell tumors. J Clin Endocr Metab. 1999;84(6):2233-
4. 
169. Chu S, Rushdi S, Zumpe ET, Mamers P, Healy DL, Jobling T, et al. FSH-
regulated gene expression profiles in ovarian tumours and normal ovaries. Mol Hum 
Reprod. 2002;8(5):426-33. 
170. Graves PE, Surwit EA, Davis JR, Stouffer RL. Adenylate-Cyclase in Human 
Ovarian Cancers - Sensitivity to Gonadotropins and Nonhormonal Activators. American 
Journal of Obstetrics and Gynecology. 1985;153(8):877-82. 
171. Kato N, Uchigasaki S, Fukase M, Kurose A. Expression of P450 Aromatase 
in Granulosa Cell Tumors and Sertoli-Stromal Cell Tumors of the Ovary: Which Cells Are 
Responsible for Estrogenesis? Int J Gynecol Pathol. 2016;35(1):41-7. 
172. Kitamura S, Abiko K, Matsumura N, Nakai H, Akimoto Y, Tanimoto H, et al. 
Adult granulosa cell tumors of the ovary: a retrospective study of 30 cases with respect to 
the expression of steroid synthesis enzymes. J Gynecol Oncol. 2017;28(4):e31. 
173. Fleming NI, Knower KC, Lazarus KA, Fuller PJ, Simpson ER, Clyne CD. 
Aromatase is a direct target of FOXL2: C134W in granulosa cell tumors via a single highly 
conserved binding site in the ovarian specific promoter. PLoS One. 2010;5(12):e14389. 
174. Deroo BJ, Korach KS. Estrogen receptors and human disease. Journal of 
Clinical Investigation. 2006;116(3):561-70. 
175. Ciucci A, Ferrandina G, Mascilini F, Filippetti F, Scambia G, Zannoni GF, et 
al. Estrogen receptor beta: Potential target for therapy in adult granulosa cell tumors? 
Gynecol Oncol. 2018. 
176. Bilandzic M, Chu S, Wang Y, Tan HL, Fuller PJ, Findlay JK, et al. Betaglycan 
Alters NF kappa B-TGF beta 2 Cross Talk to Reduce Survival of Human Granulosa Tumor 
Cells. Molecular Endocrinology. 2013;27(3):466-79. 
177. Chu S, Nishi Y, Yanase T, Nawata H, Fuller PJ. Transrepression of estrogen 
receptor beta signaling by nuclear factor-kappab in ovarian granulosa cells. Mol Endocrinol. 
2004;18(8):1919-28. 
178. Farinola MA, Gown AM, Judson K, Ronnett BM, Barry TS, Movahedi-
Lankarani S, et al. Estrogen receptor alpha and progesterone receptor expression in ovarian 
adult granulosa cell tumors and Sertoli-Leydig cell tumors. Int J Gynecol Pathol. 
2007;26(4):375-82. 
179. Alexiadis M, Eriksson N, Jamieson S, Davis M, Drummond AE, Chu S, et al. 
Nuclear receptor profiling of ovarian granulosa cell tumors. Horm Cancer. 2011;2(3):157-
69. 
180. Mills AM, Chinn Z, Rauh LA, Dusenbery AC, Whitehair RM, Saks E, et al. 
Emerging biomarkers in ovarian granulosa cell tumors. Int J Gynecol Cancer. 
2019;29(3):560-5. 
181. Francois CM, Wargnier R, Petit F, Goulvent T, Rimokh R, Treilleux I, et al. 
17beta-estradiol inhibits spreading of metastatic cells from granulosa cell tumors through a 
non-genomic mechanism involving GPER1. Carcinogenesis. 2015;36(5):564-73. 
182. Cheng JC, Chang HM, Qiu X, Fang LL, Leung PCK. FOXL2-induced 
follistatin attenuates activin A-stimulated cell proliferation in human granulosa cell tumors. 
Biochem Bioph Res Co. 2014;443(2):537-42. 
183. Anttonen M, Farkkila A, Tauriala H, Kauppinen M, Maclaughlin DT, Unkila-
Kallio L, et al. Anti-Mullerian hormone inhibits growth of AMH type II receptor-positive 
human ovarian granulosa cell tumor cells by activating apoptosis. Lab Invest. 
2011;91(11):1605-14. 
184. Wiater E, Vale W. Inhibin is an antagonist of bone morphogenetic protein 







185. Anttonen M, Pihlajoki M, Andersson N, Georges A, L'Hote D, Vattulainen S, 
et al. FOXL2, GATA4, and SMAD3 Co-Operatively Modulate Gene Expression, Cell 
Viability and Apoptosis in Ovarian Granulosa Cell Tumor Cells. Plos One. 2014;9(1). 
186. Park Y, Maizels ET, Feiger ZJ, Alam H, Peters CA, Woodruff TK, et al. 
Induction of cyclin D2 in rat granulosa cells requires FSH-dependent relief from FOXO1 
repression coupled with positive signals from Smad. Journal of Biological Chemistry. 
2005;280(10):9135-48. 
187. Lee K, Pisarska MD, Ko JJ, Kang Y, Yoon S, Ryou SM, et al. Transcriptional 
factor FOXL2 interacts with DP103 and induces apoptosis. Biochem Bioph Res Co. 
2005;336(3):876-81. 
188. Kim JH, Yoon S, Park M, Park HO, Ko JJ, Lee K, et al. Differential apoptotic 
activities of wild-type FOXL2 and the adult-type granulosa cell tumor-associated mutant 
FOXL2 (C134W). Oncogene. 2011;30(14):1653-63. 
189. Anttonen M, Parviainen H, Kyronlahti A, Bielinska M, Wilson DB, Ritvos O, 
et al. GATA-4 is a granulosa cell factor employed in inhibin-alpha activation by the TGF-
beta pathway. Journal of Molecular Endocrinology. 2006;36(3):557-68. 
190. Kyronlahti A, Vetter M, Euler R, Bielinska M, Jay PY, Anttonen M, et al. 
GATA4 Deficiency Impairs Ovarian Function in Adult Mice. Biology of Reproduction. 
2011;84(5):1033-44. 
191. Tremblay JJ, Viger RS. GATA factors differentially activate multiple gonadal 
promoters through conserved GATA regulatory elements. Endocrinology. 
2001;142(3):977-86. 
192. Kyronlahti A, Ramo M, Tamminen M, Unkila-Kallio L, Butzow R, Leminen 
A, et al. GATA-4 Regulates Bcl-2 Expression in Ovarian Granulosa Cell Tumors. 
Endocrinology. 2008;149(11):5635-42. 
193. Kyronlahti A, Kauppinen M, Lind E, Unkila-Kallio L, Butzow R, Klefstrom 
J, et al. GATA4 protects granulosa cell tumors from TRAIL-induced apoptosis. Endocr 
Relat Cancer. 2010;17(3):709-17. 
194. Pitti RM, Marsters SA, Ruppert S, Donahue CJ, Moore A, Ashkenazi A. 
Induction of apoptosis by Apo-2 ligand, a new member of the tumor necrosis factor cytokine 
family. J Biol Chem. 1996;271(22):12687-90. 
195. Sheridan JP, Marsters SA, Pitti RM, Gurney A, Skubatch M, Baldwin D, et 
al. Control of TRAIL-induced apoptosis by a family of signaling and decoy receptors. 
Science. 1997;277(5327):818-21. 
196. Raspagliesi F, Martinelli F, Grijuela B, Guadalupi V. Third-line 
chemotherapy with tyrosine kinase inhibitor (imatinib mesylate) in recurrent ovarian 
granulosa cell tumor: case report. J Obstet Gynaecol Res. 2011;37(12):1864-7. 
197. Crawford J, Dale DC, Lyman GH. Chemotherapy-induced neutropenia - 
Risks, consequences, and new directions for its management. Cancer. 2004;100(2):228-37. 
198. Laszlo J, Lucas VS. Emesis as a Critical Problem in Chemotherapy. New Engl 
J Med. 1981;305(16):948-9. 
199. Quasthoff S, Hartung HP. Chemotherapy-induced peripheral neuropathy. J 
Neurol. 2002;249(1):9-17. 
200. Chabner BA, Roberts TG. Timeline - Chemotherapy and the war on cancer. 
Nature Reviews Cancer. 2005;5(1):65-72. 
201. Chin L, Andersen JN, Futreal PA. Cancer genomics: from discovery science 
to personalized medicine. Nat Med. 2011;17(3):297-303. 
202. Cancer Genome Atlas Research N, Kandoth C, Schultz N, Cherniack AD, 
Akbani R, Liu Y, et al. Integrated genomic characterization of endometrial carcinoma. 
Nature. 2013;497(7447):67-73. 
203. Duffy MJ, Crown J. Precision treatment for cancer: role of prognostic and 
predictive markers. Crit Rev Clin Lab Sci. 2014;51(1):30-45. 








205. Vogelstein B, Papadopoulos N, Velculescu VE, Zhou SB, Diaz LA, Kinzler 
KW. Cancer Genome Landscapes. Science. 2013;339(6127):1546-58. 
206. Vidal SJ, Rodriguez-Bravo V, Galsky M, Cordon-Cardo C, Domingo-
Domenech J. Targeting cancer stem cells to suppress acquired chemotherapy resistance. 
Oncogene. 2014;33(36):4451-63. 
207. Tamoxifen for early breast cancer: an overview of the randomised trials. Early 
Breast Cancer Trialists' Collaborative Group. Lancet. 1998;351(9114):1451-67. 
208. Denis LJ, Griffiths K. Endocrine treatment in prostate cancer. Semin Surg 
Oncol. 2000;18(1):52-74. 
209. Joo WD, Visintin I, Mor G. Targeted cancer therapy - Are the days of systemic 
chemotherapy numbered? Maturitas. 2013;76(4):308-14. 
210. Druker BJ, Tamura S, Buchdunger E, Ohno S, Segal GM, Fanning S, et al. 
Effects of a selective inhibitor of the Abl tyrosine kinase on the growth of Bcr-Abl positive 
cells. Nat Med. 1996;2(5):561-6. 
211. Gentile M, Petrungaro A, Uccello G, Vigna E, Recchia AG, Caruso N, et al. 
Venetoclax for the treatment of chronic lymphocytic leukemia. Expert Opin Inv Drug. 
2017;26(11):1307-16. 
212. Folkman J. Tumor angiogenesis: a possible control point in tumor growth. 
Ann Intern Med. 1975;82(1):96-100. 
213. Keating GM. Bevacizumab: A Review of Its Use in Advanced Cancer. Drugs. 
2014;74(16):1891-925. 
214. Iljin K, Ketola K, Vainio P, Halonen P, Kohonen P, Fey V, et al. High-
Throughput Cell-Based Screening of 4910 Known Drugs and Drug-like Small Molecules 
Identifies Disulfiram as an Inhibitor of Prostate Cancer Cell Growth. Clinical Cancer 
Research. 2009;15(19):6070-8. 
215. Pemovska T, Kontro M, Yadav B, Edgren H, Eldfors S, Szwajda A, et al. 
Individualized Systems Medicine Strategy to Tailor Treatments for Patients with 
Chemorefractory Acute Myeloid Leukemia. Cancer Discov. 2013;3(12):1416-29. 
216. Saeed K, Rahkama V, Eldfors S, Bychkov D, Mpindi JP, Yadav B, et al. 
Comprehensive Drug Testing of Patient-derived Conditionally Reprogrammed Cells from 
Castration-resistant Prostate Cancer. Eur Urol. 2017;71(3):319-27. 
217. Shi FT, Cheung AP, Leung PC. Growth differentiation factor 9 enhances 
activin a-induced inhibin B production in human granulosa cells. Endocrinology. 
2009;150(8):3540-6. 
218. Yadav B, Pemovska T, Szwajda A, Kulesskiy E, Kontro M, Karjalainen R, et 
al. Quantitative scoring of differential drug sensitivity for individually optimized anticancer 
therapies. Sci Rep-Uk. 2014;4. 
219. Yadav B, Wennerberg K, Aittokallio T, Tang J. Searching for Drug Synergy 
in Complex Dose-Response Landscapes Using an Interaction Potency Model. Comput 
Struct Biotechnol J. 2015;13:504-13. 
220. Icay K, Chen P, Cervera A, Rantanen V, Lehtonen R, Hautaniemi S. SePIA: 
RNA and small RNA sequence processing, integration, and analysis. BioData Min. 
2016;9:20. 
221. Ovaska K, Laakso M, Haapa-Paananen S, Louhimo R, Chen P, Aittomaki V, 
et al. Large-scale data integration framework provides a comprehensive view on 
glioblastoma multiforme. Genome Med. 2010;2(9):65. 
222. Nagy B, Krasznai ZT, Balla H, Csoban M, Antal-Szalmas P, Hernadi Z, et al. 
Elevated human epididymis protein 4 concentrations in chronic kidney disease. Ann Clin 
Biochem. 2012;49:377-80. 
223. Havrilesky LJ, Whitehead CM, Rubatt JM, Cheek RL, Groelke J, He Q, et al. 
Evaluation of biomarker panels for early stage ovarian cancer detection and monitoring for 
disease recurrence. Gynecologic Oncology. 2008;110(3):374-82. 
224. Terry KL, Schock H, Fortner RT, Husing A, Fichorova RN, Yamamoto HS, 
et al. A Prospective Evaluation of Early Detection Biomarkers for Ovarian Cancer in the 







225. Park Y, Kim Y, Lee EY, Lee JH, Kim HS. Reference ranges for HE4 and 
CA125 in a large Asian population by automated assays and diagnostic performances for 
ovarian cancer. Int J Cancer. 2012;130(5):1136-44. 
226. Galgano MT, Hampton GM, Frierson HF. Comprehensive analysis of HE4 
expression in normal and malignant human tissues. Modern Pathol. 2006;19(6):847-53. 
227. Bingle L, Singleton V, Bingle CD. The putative ovarian tumour marker gene 
HE4 (WFDC2), is expressed in normal tissues and undergoes complex alternative splicing 
to yield multiple protein isoforms. Oncogene. 2002;21(17):2768-73. 
228. Drapkin R, von Horsten HH, Lin YF, Mok SC, Crum CP, Welch WR, et al. 
Human epididymis protein 4 (HE4) is a secreted glycoprotein that is overexpressed by 
serous and endometriold ovarian carcinomas. Cancer Research. 2005;65(6):2162-9. 
229. Dokras A, Habana A, Giraldo J, Jones E. Secretion of inhibin B during ovarian 
stimulation is decreased in infertile women with endometriosis. Fertility and Sterility. 
2000;74(1):35-40. 
230. Healy DL, Burger HG, Mamers P, Jobling T, Bangah M, Quinn M, et al. 
Elevated serum inhibin concentrations in postmenopausal women with ovarian tumors. N 
Engl J Med. 1993;329(21):1539-42. 
231. Robertson DM, McNeilage J. Inhibins as biomarkers for reproductive cancers. 
Semin Reprod Med. 2004;22(3):219-25. 
232. Woods DC, Alvarez C, Johnson AL. Cisplatin-mediated sensitivity to TRAIL-
induced cell death in human granulosa tumor cells. Gynecologic Oncology. 
2008;108(3):632-40. 
233. Zauli G, Tisato V, Melloni E, Volpato S, Cervellati C, Bonaccorsi G, et al. 
Inverse Correlation Between Circulating Levels of TNF-Related Apoptosis-Inducing 
Ligand and 17 beta-Estradiol. J Clin Endocr Metab. 2014;99(4):E659-E64. 
234. Fanger NA, Maliszewski CR, Schooley K, Griffith TS. Human dendritic cells 
mediate cellular apoptosis via tumor necrosis factor-related apoptosis-inducing ligand 
(TRAIL). J Exp Med. 1999;190(8):1155-64. 
235. Kayagaki N, Yamaguchi N, Nakayama M, Kawasaki A, Akiba H, Okumura 
K, et al. Involvement of TNF-related apoptosis-inducing ligand in human CD4(+) T cell-
mediated cytotoxicity. J Immunol. 1999;162(5):2639-47. 
236. Finnberg N, Klein-Szanto AJ, El-Deiry WS. TRAIL-R deficiency in mice 
promotes susceptibility to chronic inflammation and tumorigenesis. J Clin Invest. 
2008;118(1):111-23. 
237. Lemke J, von Karstedt S, Zinngrebe J, Walczak H. Getting TRAIL back on 
track for cancer therapy. Cell Death Differ. 2014;21(9):1350-64. 
238. Kayagaki N, Yamaguchi N, Nakayama M, Eto H, Okumura K, Yagita H. Type 
I interferons (IFNs) regulate tumor necrosis factor-related apoptosis-inducing ligand 
(TRAIL) expression on human T cells: A novel mechanism for the antitumor effects of type 
IIFNs. J Exp Med. 1999;189(9):1451-60. 
239. Camidge DR, Herbst RS, Gordon MS, Eckhardt SG, Kurzrock R, Durbin B, 
et al. A Phase I Safety and Pharmacokinetic Study of the Death Receptor 5 Agonistic 
Antibody PRO95780 in Patients with Advanced Malignancies. Clinical Cancer Research. 
2010;16(4):1256-63. 
240. Trarbach T, Moehler M, Heinemann V, Kohne CH, Przyborek M, Schulz C, 
et al. Phase II trial of mapatumumab, a fully human agonistic monoclonal antibody that 
targets and activates the tumour necrosis factor apoptosis-inducing ligand receptor-1 
(TRAIL-R1), in patients with refractory colorectal cancer. Brit J Cancer. 2010;102(3):506-
12. 
241. Younes A, Vose JM, Zelenetz AD, Smith MR, Burris H, Ansell S, et al. 
Results of a phase 2 trial of HGS-ETR1 (Agonistic human monoclonal antibody to TRAIL 








242. Secchiero P, Gonelli A, Carnevale E, Milani D, Pandolfi A, Zella D, et al. 
TRAIL promotes the survival and proliferation of primary human vascular endothelial cells 
by activating the Akt and ERK pathways. Circulation. 2003;107(17):2250-6. 
243. Zauli G, Sancilio S, Cataldi A, Sabatini N, Bosco D, Di Pietro R. Pl-3K/Akt 
and NF-kappa B/I kappa B alpha pathways are activated in Jurkat T cells in response to 
TRAIL treatment. J Cell Physiol. 2005;202(3):900-11. 
244. Siegemund M, Pollak N, Seifert O, Wahl K, Hanak K, Vogel A, et al. Superior 
antitumoral activity of dimerized targeted single-chain TRAIL fusion proteins under 
retention of tumor selectivity. Cell Death Dis. 2012;3. 
245. De Miguel D, Gallego-Lleyda A, Anel A, Martinez-Lostao L. Liposome-
bound TRAIL induces superior DR5 clustering and enhanced DISC recruitment in 
histiocytic lymphoma U937 cells. Leukemia Res. 2015;39(6):657-66. 
246. Graves JD, Kordich JJ, Huang TH, Piasecki J, Bush TL, Sullivan T, et al. 
Apo2L/TRAIL and the Death Receptor 5 Agonist Antibody AMG 655 Cooperate to 
Promote Receptor Clustering and Antitumor Activity. Cancer Cell. 2014;26(2):177-89. 
247. Kim DY, Kim MJ, Kim HB, Lee JW, Bae JH, Kim DW, et al. Suppression of 
multidrug resistance by treatment with TRAIL in human ovarian and breast cancer cells 
with high level of c-Myc. Bba-Mol Basis Dis. 2011;1812(7):796-805. 
248. Takeda K, Hayakawa Y, Smyth M, Kayagaki N, Yamaguchi N, Kakuta S, et 
al. Involvement of tumor necrosis factor-related apoptosis-inducing ligand in surveillance 
of tumor metastasis by liver natural killer cells. Nat Med. 2001;7(1):94-100. 
249. von Karstedt S, Montinaro A, Walczak H. Exploring the TRAILs less 
travelled: TRAIL in cancer biology and therapy. Nature Reviews Cancer. 2017;17(6):352-
66. 
250. Ouyang XN, Shi MQ, Jie FW, Bai YX, Shen P, Yu Z, et al. Phase III study of 
dulanermin (recombinant human tumor necrosis factor-related apoptosis-inducing 
ligand/Apo2 ligand) combined with vinorelbine and cisplatin in patients with advanced non-
small-cell lung cancer. Invest New Drug. 2018;36(2):315-22. 
251. Xu LP, Yin SP, Banerjee S, Sarkar F, Reddy KB. Enhanced Anticancer Effect 
of the Combination of Cisplatin and TRAIL in Triple-Negative Breast Tumor Cells. 
Molecular Cancer Therapeutics. 2011;10(3):550-7. 
252. Chu S, Mamers P, Burger HG, Fuller PJ. Estrogen receptor isoform gene 
expression in ovarian stromal and epithelial tumors. J Clin Endocrinol Metab. 
2000;85(3):1200-5. 
253. Staibano S, Franco R, Mezza E, Chieffi P, Sinisi A, Pasquali D, et al. Loss of 
oestrogen receptor beta, high PCNA and p53 expression and aneuploidy as markers of worse 
prognosis in ovarian granulosa cell tumours. Histopathology. 2003;43(3):254-62. 
254. Hutton SM, Webster LR, Nielsen S, Leung Y, Stewart CJR. 
Immunohistochemical expression and prognostic significance of oestrogen receptor-alpha, 
oestrogen receptor-beta, and progesterone receptor in stage 1 adult-type granulosa cell 
tumour of the ovary. Pathology. 2012;44(7):611-6. 
255. Witt BR, Wolf GC, Wainwright CJ, Thorneycroft IH. Endocrine Function of 
Granulosa-Cell Tumors Invivo. Gynecol Obstet Inves. 1992;33(1):59-64. 
256. Landis CA, Masters SB, Spada A, Pace AM, Bourne HR, Vallar L. Gtpase 
Inhibiting Mutations Activate the Alpha-Chain of Gs and Stimulate Adenylyl Cyclase in 
Human Pituitary-Tumors. Nature. 1989;340(6236):692-6. 
257. Fuller PJ, Verity K, Shen Y, Mamers P, Jobling T, Burger HG. No evidence 
of a role for mutations or polymorphisms of the follicle-stimulating hormone receptor in 
ovarian granulosa cell tumors. J Clin Endocr Metab. 1998;83(1):274-9. 
258. Sahmi M, Nicola ES, Price CA. Hormonal regulation of cytochrome P450 
aromatase mRNA stability in non-luteinizing bovine granulosa cells in vitro. J Endocrinol. 
2006;190(1):107-15. 
259. Dewailly D, Robin G, Peigne M, Decanter C, Pigny P, Catteau-Jonard S. 







folliculogenesis in the human normal and polycystic ovary. Hum Reprod Update. 
2016;22(6):709-24. 
260. Unkila-Kallio L, Tiitinen A, Wahlstrom T, Lehtovirta P, Leminen A. 
Reproductive features in women developing ovarian granulosa cell tumour at a fertile age. 
Hum Reprod. 2000;15(3):589-93. 
261. Clemons M, Goss P. Estrogen and the risk of breast cancer. N Engl J Med. 
2001;344(4):276-85. 
262. Bonkhoff H. Estrogen receptor signaling in prostate cancer: Implications for 
carcinogenesis and tumor progression. Prostate. 2018;78(1):2-10. 
263. Lazennec G. Estrogen receptor beta, a possible tumor suppressor involved in 
ovarian carcinogenesis. Cancer Lett. 2006;231(2):151-7. 
264. Thomas C, Gustafsson JA. The different roles of ER subtypes in cancer 
biology and therapy. Nat Rev Cancer. 2011;11(8):597-608. 
265. Shaaban AM, Green AR, Karthik S, Alizadeh Y, Hughes TA, Harkins L, et 
al. Nuclear and cytoplasmic expression of ERbeta1, ERbeta2, and ERbeta5 identifies 
distinct prognostic outcome for breast cancer patients. Clin Cancer Res. 2008;14(16):5228-
35. 
266. Ciucci A, Zannoni GF, Travaglia D, Petrillo M, Scambia G, Gallo D. 
Prognostic significance of the estrogen receptor beta (ERbeta) isoforms ERbeta1, ERbeta2, 
and ERbeta5 in advanced serous ovarian cancer. Gynecol Oncol. 2014;132(2):351-9. 
267. Gleicher N, Weghofer A, Barad DH. The role of androgens in follicle 
maturation and ovulation induction: friend or foe of infertility treatment? Reprod Biol 
Endocrinol. 2011;9:116. 
268. Ono YJ, Tanabe A, Nakamura Y, Yamamoto H, Hayashi A, Tanaka T, et al. 
A low-testosterone state associated with endometrioma leads to the apoptosis of granulosa 
cells. PLoS One. 2014;9(12):e115618. 
269. Wang MM, Liu M, Sun J, Jia LN, Ma SQ, Gao J, et al. MicroRNA-27a-3p 
affects estradiol and androgen imbalance by targeting Crebl in the granulosa cells in mouse 
polycytic ovary syndrome model. Reprod Biol. 2017;17(4):295-304. 
270. Kalfa N, Veitia RA, Benayoun BA, Boizet-Bonhoure B, Sultan C. The new 
molecular biology of granulosa cell tumors of the ovary. Genome Med. 2009;1. 
271. Leung DTH, Fuller PJ, Chu S. Impact of FOXL2 mutations on signaling in 
ovarian granulosa cell tumors. Int J Biochem Cell B. 2016;72:51-4. 
272. Lindauer M, Hochhaus A. Dasatinib. Recent Results Cancer Res. 
2018;212:29-68. 
273. Jamieson S, Fuller PJ. Tyrosine Kinase Inhibitors as Potential Therapeutic 
Agents in the Treatment of Granulosa Cell Tumors of the Ovary. International Journal of 
Gynecological Cancer. 2015;25(7):1224-31. 
274. Chu S, Alexiadis M, Fuller PJ. Expression, mutational analysis and in vitro 
response of imatinib mesylate and nilotinib target genes in ovarian granulosa cell tumors. 
Gynecologic Oncology. 2008;108(1):182-90. 
275. Fan P, Griffith OL, Agboke FA, Anur P, Zou XJ, McDaniel RE, et al. c-Src 
Modulates Estrogen-Induced Stress and Apoptosis in Estrogen-Deprived Breast Cancer 
Cells. Cancer Research. 2013;73(14):4510-20. 
276. Chattopadhyay I, Wang JM, Qin MC, Gao LQ, Holtz R, Vessella RL, et al. 
Src promotes castration-recurrent prostate cancer through androgen receptor-dependent 
canonical and non-canonical transcriptional signatures. Oncotarget. 2017;8(6):10324-47. 
277. Guo ZY, Dai BJ, Jiang TY, Xu KX, Xie YQ, Kim O, et al. Regulation of 
androgen receptor activity by tyrosine phosphorylation. Cancer Cell. 2006;10(4):309-19. 
278. Liu Y, Karaca M, Zhang Z, Gioeli D, Earp HS, Whang YE. Dasatinib inhibits 
site-specific tyrosine phosphorylation of androgen receptor by Ack1 and Src kinases. 
Oncogene. 2010;29(22):3208-16. 
279. Buensuceso AV, Deroo BJ. The Ephrin Signaling Pathway Regulates 








280. Lague MN, Paquet M, Fan HY, Kaartinen MJ, Chu S, Jamin SP, et al. 
Synergistic effects of Pten loss and WNT/CTNNB1 signaling pathway activation in ovarian 
granulosa cell tumor development and progression. Carcinogenesis. 2008;29(11):2062-72. 
281. Miyazawa M, Yasuda M, Fujita M, Hirabayashi K, Hirasawa T, Kajiwara H, 
et al. Granulosa cell tumor with activated mTOR-HIF-1 alpha-VEGF pathway. J Obstet 
Gynaecol Re. 2010;36(2):448-53. 
282. Rico C, Lague MN, Lefevre P, Tsoi M, Dodelet-Devillers A, Kumar V, et al. 
Pharmacological targeting of mammalian target of rapamycin inhibits ovarian granulosa 
cell tumor growth. Carcinogenesis. 2012;33(11):2283-92. 
283. Hochhaus A, Kantarjian H. The development of dasatinib as a treatment for 
chronic myeloid leukemia (CML): from initial studies to application in newly diagnosed 
patients. J Cancer Res Clin Oncol. 2013;139(12):1971-84. 
284. Secord AA, Teoh DK, Barry WT, Yu M, Broadwater G, Havrilesky LJ, et al. 
A Phase I Trial of Dasatinib, an Src-Family Kinase Inhibitor, in Combination with Paclitaxel 
and Carboplatin in Patients with Advanced or Recurrent Ovarian Cancer. Clinical Cancer 
Research. 2012;18(19):5489-98. 
285. Yu EY, Wilding G, Posadas E, Gross M, Culine S, Massard C, et al. Phase II 
study of dasatinib in patients with metastatic castration-resistant prostate cancer. Clin 
Cancer Res. 2009;15(23):7421-8. 
286. Xiao J, Xu M, Hou T, Huang Y, Yang C, Li J. Dasatinib enhances antitumor 
activity of paclitaxel in ovarian cancer through Src signaling. Mol Med Rep. 
2015;12(3):3249-56. 
287. Guignabert C, Phan C, Seferian A, Huertas A, Tu L, Thuillet R, et al. Dasatinib 
induces lung vascular toxicity and predisposes to pulmonary hypertension. Journal of 
Clinical Investigation. 2016;126(9):3207-18. 
288. MacDonald JA, Kura N, Sussman C, Woods DC. Mitochondrial membrane 
depolarization enhances TRAIL-induced cell death in adult human granulosa tumor cells, 
KGN, through inhibition of BIRC5. J Ovarian Res. 2018;11. 
289. Villella JA, Wilson MK, Berinstein NL, Brown J, Lheureux S, Butler MO, et 
al. Safety, immunogenicity, and clinical activity of the immunotherapeutic vaccine, DPX-
Survivac, in a Phase 1/1b trial of women with ovarian, fallopian tube, or peritoneal cancer. 
Journal of Clinical Oncology. 2015;33(15). 
290. Matzuk MM, Finegold MJ, Su JG, Hsueh AJ, Bradley A. Alpha-inhibin is a 
tumour-suppressor gene with gonadal specificity in mice. Nature. 1992;360(6402):313-9. 
291. Pangas SA, Li X, Umans L, Zwijsen A, Huylebroeck D, Gutierrez C, et al. 
Conditional deletion of Smad1 and Smad5 in somatic cells of male and female gonads leads 
to metastatic tumor development in mice. Mol Cell Biol. 2008;28(1):248-57. 
 
